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THe  pyrolyala  benavior  of  a vinyl  polymer  (l.a.  polyvinyl 
tutyral)  and  two  acryllo  polymera  Cl.e.  polymetnyl  metHacrylata  and 
polynetnaaryllo  add)  was  Investigated.  Degradation  studies  were 
carried  out  for  polymers  alone  and  for  oeramlo/polymer  mixtures  by 
analyzing  both  residues  and  volatiles.  Information  concerning  the 
degradation  oeonanlsms  was  obtained  using  a variety  of  teohnleues. 
Inoludlng  tneroal  gravimetric  analysis  (TOA),  differential  thermal 
analysis  IOTA),  Fourier  transform  Infrared  spectroscopy  (FTIR),  and 
gas  chromatography  fCC).  ln~sltu  pyrolysis  was  carried  out  using  a 
unique  technlduSi  i.e.  by  equipping  the  STIR  spectrometer  with  a hot 
stage  to  provide  information  into  the  ohenioal  changes  of  polymer  ae 
function  of  temperatis'e.  The  final  carton  residue  conaantratlon 


Results  show  that  early  stage  pyrolysis  of  polyvinyl  butyral, 
PVB,  Includes  side  group  slimihaticn,  main  chain  sclselon. 


cro4«UnkinB.  and  o/ellzatlon.  OeBraOatLon  la  nigniy  dapandant  on  tne 
pyrolyela  atwapnera.  Pyrplyala  ia  Initially  aacalaratad  In  alp  due 
to  oxidative  oeonanlaBs.  HotfevaPi  a larger  aelght  loan  van  obaerved 
In  nitrogen  at  Intaraadlate  teoperaturaa  due  to  nlnlnal  devalopoant  or 
oxygenated  groupa  and  lean  rapid  devalopoent  of  croaallnkad 
atruoturee.  Late-atage  degradation  In  tne  abaenoe  of  oxygen  la 
axtramaly  difficult  due  Co  earbonlaatlon. 


if  polyoetnyl  Bethaorylate,  Pi 
C raaulca.  T>ie  reaotlon  waa 


Depolyoerlzatlon  oacnanl! 
aonelaraced  by  tba  preeence  ol 

Degradation  of  polynetnacryllc  acid,  PHAA,  ooourred  In  three 

betueen  the  neighboring  carboxyl  p-oupa  uhloh  formed  a polyanJiydride 
atructure.  TMa  atrueture  breaka  doun  during  the  aeoond  ataga.  but 
eroaellnklng  and  oycllzaclon  apparently  occur  during  the  proceaa. 
Theae  degradatlon-realatant  cyclic  and  oroaallnwad  atructurea  can  be 
broken  doun  oxidatively  at  higher  tenperaturea  In  air  pyrolyala.  In 

nitrogen  pyrolyela. 

Cooparlaona  of  the  degradation  benavlor  beCuean  "pure"  polymar 
and  oaraolc/polymar  olxturaa  Indicated  Chat  a aurfaoe  reaction,  l.e, 
formation  of  carboxylic  Icna.  between  aoryllc  polymer  aide  groupa  and 
Al-0-  takea  place  at  higher  temperaturea.  ko  chemical  reaction  waa 


Otwryea  Mtaeen  PVB  ano  r«a«lon  oonpllcatsa  the 

degradation  tehevLor  of  the  acpyilc  polymera,  and  ouch  higher 

Interaction  appeara  stronger  ulth  denydroaylated  metal  oxldea  and 
highly  ionic  ceranlca.  Ho  reaction  aaa  observed  vhen  the  ceramic  had 
a more  ccvalent  character.  A reaction  mechanlsa  was  propoeed  to 
describe  this  high-temperature  interaction. 

Finally)  the  effeota  of  important  processing  varlablea  as  well  as 
strategies  fcr  enhancing  the  degradation  reactions  are  discuaead. 


Organic  pclyaera  ara  Important  aodltlves  In  many  oaramlo  prcceaa- 
ing  operatlona,  aucn  aa  dry  presalng,  tape  caeting,  allp  casting, 
extrusion,  Injection  taoldlng,  eta.  They  are  generally  used  aa 
binders,  plastiolzers,  and  rbeology  ocdlPlera;  In  some  inatancea,  they 


nay  serve  some  other  Punotlons  as  aummarlzed  in  Table  t.i,  although 
nonpolyserle  additives  are  also  used  to  fuirill  the  various  functions 
listed.  Kowsver,  the  role  of  polymeric  additives  in  ceramic 

adversely  affect  the  aubaequent  densLficatlon  behavior,  e.g.,  retard 
the  denslficatloc  rate  and  limit  the  final  density  achieved.  In  more 
extreme  cases,  bloating  and  craoxing  of  tha  ceramic  may  occur.  In 


addition,  oarbonaoeous  residues  may  have  undesirable  effects  on  the 
physical  propartlas  of  the  oeramic.  In  order  to  optimise  the  bindar 

of  the  polymer  thermal  degradation  mechanisms.  A variety  of 
degradation  phenomena  oan  oocur  during  polymer  pyrolysis,  inoluding 
depolymerlsetion,  main  chain  scission,  aids  group  elimination, 
cyclisation,  cross  linking,  etc. 

The  ovarall  objeotivee  of  this  study  are  to  gain  an  improved 
understanding  of  the  polymer  degradation  mechaniams  and  factors 


Funotlcna  of  Ceraoic  Pnocisslng 


Plastioizar 
Rhaolcgy  oodli 


Providing  groan  atrangtn 

Rheological  aide,  improving  fluidity  and 
riexibllity  of  oaranio/Pinder  ninure 


Mold  ralaaae.  interparcioulata  allding 


Particle  aurfaoe  charge  control,  pH 
control,  antl'coagulatlan  agent 


property  control  of  particle/ 
partiole/polyser  ayatema 


Lowering  aurfaoe  tenaion  of  liquid 


Preventing  aqueezing-ouc  of  water  during 


Chelating  or  aequeeting 


Inactivating 


lnt«r«9C  In  forcing  Dultllayer 


under  investigation  inolude  vinyl  and  aopylic  polysers,  l.a., 
polyivinyl  butyral)  (PVB>,  polyCoetnyl  metnacrylate)  (PMMU),  and 
poly(D«thaarylio  acid)  CPHAAi.  The  caraola  used  in  this  study  uas 
oainLy 

Polyivinyl  Sutyral)  resins  are  coimionly  used  in  tape  casting 
operaticns  Tor  foraing  oeranic  substrates.  Although  there  have  been 
nuuerous  studies  eonoerning  thermal  degradation  of  vinyl  polymers, 
reUtlvaly  few  studies  have  been  reported  for  PVB.  Investigations 
which  directly  ooepara  the  degradation  behavior  of  PVg  in  oaldizing 
and  nonoxldiaing  atDoapharee  are  particularly  limited,  furtheronre, 
studies  ooncernlng  the  pyrolysis  behavior  of  PVB  in  the  presence  of 
oeranlo  powders  are  laoking- 

Aoryllo  powders  are  used  in  a variety  of  ceramic  foraing 
operations.  Some  aorylates,  suoh  as  PWIA,  are  known  to  therneily 
degrade  by  depolyateriaation  (l.a.,  "unzipping”).  This  aeohaniea  may 
be  advantageouB  in  prooeseing  ceramics  einoa  pyrolysis  of  the  pure 
polymer  (i.e.,  with  no  oeraaic  present)  tends  to  be  completed  at 
relatively  low  temperatureo  in  both  oaldlzlng  and  nonoaldlaing 

Although  pyrolysis  of  the  pure  polymers  has  been  well- 


:i)  developoent  of  a oeortanlstlc  undaratandlna  of  the  a«B*adaUon 
dohavlor  of  tfia  "pure"  polyaer  and 
C23  developoent  of  a aechanletlc  understanding  of  the  degradation 
benavlor  of  polyoer/oeraialc  alstures. 

A variety  of  techniques.  Including  theroal  ^avloetrlc  analysis 
(TGA),  differential  thermal  analyale  {D7A),  Fourier  transform  Infrared 
epectrcacopy  (PTIR),  and  gas  chromatography  (GC),  were  usad  to  provide 
Insight  Into  the  thermal  degradation  mechanisms  of  polymer/ceramlc 
mixtures,  as  well  as  the  pure  polymer. 


polymer  pyrolysis  la  given  In  Chapter  II.  The  experimental  techniques 
used  for  residue  and  volatile  analyses  are  desorlhed  in  Chapter  III. 
The  pyrolysis  behaviors  of  PVB,  FMHA,  and  PHAA  binders  are  described 
In  Chapters  IV.  V,  and  VI,  respectively.  Each  ohapter  contains  three 


focus  Is  on  Chapters  V 


review,  materials  and  methods,  and  results  and 
ba  noted,  however,  that  the  major  reaearoh 
and  VI,  Finally,  sumaary  and  oondluslons  ara 


given  In  Chapter 


CHAPreil 


Binders  are  se 


production  at  nign  speed.  These 
ooBposUicn  and  application. 

Cenerallj'  speaking,  hinders 

Clay  hinders.  Froa  ancient 


tr  Characteristics 

r the  processing  cf  aany  conercial 
on  is  to  bond  eeraaio  powders  together 

cf  autoaated  aass 


strength.  According  c 


divided  Into  two  oategcries, 
IS  shown  in  Figure  2.1  [1]. 

lartnen  Oaas,  etc.  Due  to  its  elastlc-pLastic 

>se  of  tiae  acquires  some  rigidity  and 
Wllliaisson  C2J,  strength  of  dried  clay  is  due 


o bonding  between  platelets  of  Olay 
ts  binding  property  is  dependent  upt 

owever,  is  found  to  be  inadequate  fc 
hen  asterlal  other  than  clay  is  usei 


s Eolnerslbgy  (e.g.  whether  i1 


ly  applloatlonSi  particularly 
oeraalo  fabrications. 


BIKDERS 

I 


NONCLtC  BINDERS 

I 


PERNIWENT  BINDEIIS 
Inorganlo  ooopouida, 

E.  Acid  pRoApnatas  ar 
phodplicric  acid 


TEHPORARI  BINDERS 
NaCcral  or  ayntnetia 


Dextr ina 
Caraoxyaiethyl- 


Calliilcae 


Claaairication  or  Mndera.  (Adapted  li 


.d  synthfltlc  eatdrlala. 


« olaaaiflad  aa  following 


according  to  tnalr  applloatlon. 

a.  Peraanent  Plnflara.  Thoaa  blnoera  balcmg  to  tne  Inorganic 
group  of  saterlala  whlon  develop  bonda  due  to  a obange  In  their 
phyaloal  atructure.  Theae  blndera  retain  their  good  bonding 
oharactertatlo  even  after  aubaeouent  proceaalng  and  firing-  They  are 
now  finding  Inoreaalng  uae  in  tne  refractory  Induatry  where  nonclay 
ceraalca  auch  aa  alualnat  alrconla,  silicon  carbide,  etc.,  are  used. 

b.  Teaporary  blndera.  These  are  all  organic  ooopounda,  either 
natural  or  synthetic.  The  binding  property  of  these  organic  uterlala 
oan  be  attributed  to  their  hl^  oolecular  walghta  and/or  the 


surface.  Por  eiaaple,  polyolefins,  polystyrene,  atyrena-butadlene 
eopolyner,  ethylene-vinyl  acetate  copolyoer,  etc.,  have  been  used  aa 
blnoera  for  Inlactlon-enolded  slllcon-baaad  oeranlca  C3-6J,  Parrow  and 
Conolatorl  [7J  have  euooeeefully  Injectlon-aolded  aluclna  using 
polyaoetal  blndera.  They  found  that  this  binder  eyatea  provides  for 

watar-aoluble  Eoethylcelluloaa  polynere  as  blndera  for  axtrualon  of 
alumina.  They  reported  that  the  thermal  gellatlon  aharacterlatio  of 
the  methylcellulous  polymere  Imparta  hl^  green  etrength  to  ceramic 
mlxee  C9]  and  also  eliminates  binder  migration  during  drying 


■-soluble  polyaer-t 


etrength  in  high 


huiiaity  envti-oniKnta  [12]  and  may  cause  nydrclysla  or  sqim  nUrlde 
pcucera  ac  hlgn  tenperat Liras  [133.  Thernoaactlng  plastics  such  aa 


TBaterlala  include  reduced  therisal  deforaatlon  of  the  oolded  ness 
during  polymer  reoaval  [16]  and  the  production  of  strong  bodies  In  the 
as'molded  condition  [17].  Hoppert  [16]  reported  the  use  of  polyvinyl 
acetate,  polyamide,  and  polyvinyl  aloohol  binders  for  producing 
multilayer  ceranlo  oapaolbors  (i.e.  BaTlO^  and  TIO2)  by  tape  casting 
and  doctor  blade  process.  Polyvinyl  butyral  [18-21],  due  to  Its  high 
strength  and  binding  ability,  is  another  popular  binder  for 
Danufaaturlng  ceramic  articlea  for  us 
casting  operation,  a formulation  for 


Binder  Properties 

complicated.  Cenerally  speaking,  a good  binder  has  the  folloulng 


2.  provldee  adequate  strength, 

3.  oontrlbutea  to  formabllity, 

5.  Is  soluble  In  volatile  solventa, 

6.  Is  Inespenalve,  and 

Nevertheless,  the  isost  Important  binder  1 
are  good  binding,  forming,  and 


degradation 


Forfiulatlon 


Tape  Casting. 


Magnealua  oxide 
Menhaden  fleh  oll^ 
Trlohloroetnylene 


Subetrate  oaterial 
Grain  growth  Inhibitor 

Solvent 


Polytvinyl  butyral}®  Binder 
Polylethylene  glyool)  nastlciaer 
Sctyl  phthaUte  Blaatlciaer 


Adapted  rroD  [21]. 

a.  Haynle  Type  Z>3  (air  treated),  Jesse  S.  Toung  Company,  Hew  Totk, 


b.  Typa  B-9S  Cmoleoular  weight  approximately  32,000),  Honaanto 


Binders  b( 


e together  & 


rn  strength  n< 


The  green  strength  Oi 
binders  In  the  green 


e sintering  and 

Is  on  the  aoount  end  tne  distribution  of 
'•  Onoda  C22]  presented  a theoretical  studf 
<f  organlo'ceraielc  interactions  that 
strengthen  bodies,  ha  Indicated  that  there  exist  three  claaaea  of 
binder  distribution  in  green  oonpaots!  1)  a nonuetting  state,  2)  a 
uettlng  (pendular)  state,  and  3}  a ooated  state.  The  pendular  state, 

creating  high  green  strength  include  the  aaount  of  binders,  the 
strength  of  the  binder,  and  the  paoXing  density  of  the  partloiea. 

Injeotion  BOlding  process  should  be  at  least  2 volS  in  excess  of  the 
void  voiuBe.  Harvey  and  Johnson  [2fl3  studied  spray-dried  aggloDsrates 
pressed  at  various  pressure  to  fora  oompaots.  They  found  that  there 
exists  an  upper  Halt  on  binder  concentration  for  loaxiaua  green 
strength  at  a given  foralng  pressure.  Hutsuddy  [25]  applied  e 
teohnigue  used  extensively  in  the  printing  ink  industry  to  provide  s 
qusnttcative  assassoent  of  the  oritioal  powder  volueie  ooncentratlon  in 

However,  in  aoet  cases  of  oeraoic  prooeeslng,  except  injeotion 
ooldlng  and  coopreasion  oolding.  It  is  aosiun  in  praotioe  to  find  that 
ths  aoount  of  binder  used  oorreaponds  to  the  ratio  of  binder  volume  to 
particle  voluoe  of  between  0,09  to  0,19,  Thla  quantity  le 


up  ttle  pora  apacas  in  tile  CCUy  (wtilcn  could  be  detrluenial  to  burnout) 
C86]. 


Tne  fonnlng  prcpertiea  are  very  fluon  dependent  on  the  rheological 
eharaoterlstloa  of  the  binder  aolutlon  uhloh  Includes  Ylsoosity. 
paeudoplaatlolty  and  gelation.  Oncda  Cll]  oentloned  that  the 
viscosity  Imparted  Py  Dlnders  Is  one  of  the  prlmry  considerations  In 

the  pseudoplastlolty  of  a binder  can  prevent  solid  particles  froa 

fornlng  process.  Finally,  the  advantage  of  a gelled  structure  le  to 
prevent  the  binder  from  migrating  to  the  drying  surface. 


Capillary  action,  evaporation,  and 

time-consuming  and  only  applied 
n aa  oils  and  paraffin  wazea.  The 
blndern  Is  by  thermal  degradation 


processing,  A significant  fraction  of  the  mlorostructural  defects 
Cs.g.  Inhomogenelty)  are  caused  by  the  incomplete  binder  removal 
during  the  Initial  period  of  tne  firing  soneOuls.  Presently,  detslled 
Information  on  the  tneroal  removal  of  organic  binders  is  not  readily 


available  Ui  tbe  open  lUeratiire.  Usually,  tbe  beating  sobedule  (l.a. 
naaeing  rate,  teaperature , and  tioal  during  the  burnout  period  la 
detarnlned  by  trial  and  error  for  each  systea.  In  aooe  caaee,  this 
process  may  even  coapriae  up  bo  dU  percent  of  the  entire  firing 


sobedule  [27].  Thus,  a thorough  understanding  of  the  b] 
prooesalng  variables  are  very  loportant  In  optlfllslng  ti 


Burnout  is  affected  by 
polyaer/ceraaio  Biaturea. 
of  polyaer  and  pouder  deten 


ne  dicrosdoplc  geoBetry  of  the 
* exaaple,  the  alcroscoplc  distribution 
le  the  homogeneity,  porosity. 


peroeablllty,  and  packing  density  of  t] 


these  variables  affect  the  transforBStlon  of  polyBers  to  low 
ooLecular-uelght  solids,  liquids,  or  gases,  and  thus  Influence  the 
formation  or  paths  for  liquid  or  gee  transport.  However,  because 
these  variables  change  during  heating,  the  total  process  is  even  isore 


deposits  ulthln  porous  catalyst  particles.  They  found  that  at  low 


teaperatiirea  the  coBbiiatlon  procesa  pnoceepad  throu^out  the  pertl< 
ncoogedeoualy  {Figdra  2.2},  which  oeant  that  the  chaaloal  reaction 
the  rate  Uoitln^  factor.  (Succeaalve  atagea  of  bia*naut  are 
repreaented  Oy  a aerlea  of  arrowa  indicating  increaalng  tine.}  At 
BUffiolently  high  teoperature,  the  proceaa  waa  found  to  proceed  frc 

between  the  burnout  and  nonburnout  aonea.  In  thla  caae,  the  rate  c 
coBbuatlon  la  controlled  prlBarlly  Oy  oxygen  dlffualon  throu^  the 
reacted  portion  of  the  ephere.  At  an  InterBedlate  teoperature,  a 

dlffualon.  They  alao  Indloated  that  the  charaoterlatlo  tlBe  for  tc 

the  body,  gae  dlffuaivlty,  and  oxygen  partial  preaaure, 

Strljboa  C29]  atudled  the  burnou 
poroua  body.  Equationa  for  the  burnc 
following  oaaa  tranaport  atepa: 


e reaulte  are  qualitatively  in  agreeoent  w 
d Goodwin. 


* affecting  blnde 


9truotir«9,  Utilcn  liUclally  alloo  gas  transport,  begin  to  close  ana 
Halt  the  oxygen  supply,  tns  organlos  isay  only  partially  deoopposs. 
In  SODS  cases,  high  pressures  nay  build  up  from  yolatlles  trapped 
elthln  pores  ana  pathuaya,  uhloh  can  lead  to  oracKlng  or  bllstsrlng 
[30], 


Carbonaceous  residues  era  espeolally  undesirable  Cor  eleotronlc 
csrsDlca,  For  example,  in  rabrloatlng  oultllayer  auostratas  (Figure 
2.3),  nstalllasd  ceranics  must  Os  tired  either  at  low  temperatures  or 

silver,  and  nlckelj.  Under  these  adverse  conditions,  Inoomplete 


occur.  BrounloH  and  Plaskett  [16]  reported  that  black  ceramic  bodies 
uere  obtained  after  the  sintering  and  densltlcatlon  heating  cycle  uas 
completed.  The  carbon  remaining  In  the  oeramlc  formed  cooductlon 
paths,  which  resulted  In  poor  eleetrloal  and  dlslectrla  properties. 
However,  Oy  adding  pyrolysis  catalysts  (suon  as  nickel  and  palUdlua 
Ions],  Into  the  cinder  system,  they  could  produce  ceramic  bodies 


substantially  free  from  carOonacBoua  residues,  Tompa  C31]  and  GusLev 
materials  on  the  thermal  stability  of  polymers.  It  was  found  that 


can  significantly  lever  the  deoompoaltlon  temperature  an 
amount  of  residue  cf  the  polymer,  add  the  decomposition 

additives,  Tompa  further  pointed  out  that  the  more  effs 


deoomposltlod 


atfctltlves  had  aKOCtiaros  In  the  Belting  region  of  polynsrs.  KooeV' 
whether  these  energetic  aCCltlvee  stlli  work  In  the  preaance  of 
aeraiDloe  neeCs  further  Inveatlgatlcn. 

Another  Important  faotor  affecting  tinder  turnout  behavior  ii 
nature  of  the  polyner/ceraBlo  Interface.  Organic  materials  maf 
undergo  catalytic  reactions  on  the  ceramic  surface.  The  type  and 
1 depend  on  the  polymer  functional  ^oups 


attached  to  the  ceramic  surface,  and  on  the  characteristics  of  the 
metal  oilde  surface  [32,3U,39]. 


Theea  catalytic  reactions  Include  Isomerisation  (Bovement  of  t 
carbon  double  bond  along  the  chain]  [363t  dehydroganation  {removal 
hydrogen  from  the  polymer  ohaln);  formation  of  carbon. double  bonds 
toleflns):  aroBstization  (ring  formation)  C37]i  catalytic  oracKlng 
(hydrogenolyalsi  formatlcn  of  sbbII  hydrocarbons  from  tbs  polymer 


chain),  polymerldatlon  [383;  oxygenolysla  (formation  cf  t 
carbon  moncxlde)  [39]t  hydrogenatlbn  (adding  nydrogene  t; 
hydrccarbone) : thermal  cracking  (random  scission);  hydrofoneulatlon 
(alcohol  production)  CUO]:  free  radical  reaatlons  [4]];  a; 


The  typaa  and  rates  of  the  catalytic 


organic/oeramlc  interfaces  affect  carton  fopBetion.  Coke  forBs  on 
oxide  surface  due  to  carbon  adeorptlon/depositlon,  carbon  ring 
formation,  and  polyBorlmatlon  reaotlona.  To  avoid  carbon  formation 
the  dehydrogenation,  polymerisation,  and  aroBstlsatlon  reactions 
should  be  "poisoned,"  and  the  oxldetion  and  hydrogenation  reaotlona 


i8 


enhanced.  QraBaalll  [37]  reported  that  ( 

tightly  bonded  oiygen  (e.g.  AljOj.  HgO.  i 
dehydrogenation  reaction. 


Wechahiatle  Aapecta  of  Polreer  Pyrolyala 


Ther«l  Degradation  of  Polraera 

Organic  polymera  tconslating  esaentUlly  or  oarOon,  hydrogen, 
oiygen,  and  nitrogen)  are  eompoeed  of  oonooerlc  unite  union  are  Joined 
by  chenlcal  bonoa  to  each  other.  In  general,  organic  polynere  degrade 
at  considerably  lover  temperaturee  than  oost  ceraslo  and  tDetalllc 
oaterlalB.  At  elevated  teaperatures,  the  cnaaloal  tcnda  In  the 
polyiter  backbone  and  the  aide  groups  aay  be  ruptured  and  fora  lower 
Doleoular  weight  polyaer  frapnenta.  Under  certain  conditions,  theee 
fragnenta  leay  not  be  volatlllaed  without  further  extanelve  chain 
rupture.  In  addition  to  the  changes  of  Dolecular  wel^t  and  moleoular 
weight  distribution,  tneroal  de^adation  reaotlons  generally  Involve 
cooplex  Chenlcal  procesaea  which  coaplately  changea  the  structure  of 

Generally  apeaklhg,  thermal  degradation  reaotlono  can  be  divided 
Into  several  oategorlee  [d2-b6],  namely: 


2)  side  group  ellalnatlon. 


t)  carbonization  (dahydrogenacion,  oyollzatlon) , and 
5)  croesllnklng. 


2.H  [U7]. 


2.5  [fla]. 


P’n(t) 

Pn(0) 


MONOMER  YEILO,  % 


D«gr«e  or  polymorlsatlon  vs.  annofflor  yield  Ijt  a de9*adlng 

poIyMrlsaUon  of  the  roaldual  oolyaer.  (Adapted  fro* 
[>185. > 


3-  D^polyoertaacion 


OspolyDerlzatlon  ("unzipping")  reactipn  Is  a process  In  which 
(oonoaer  units  are  released  CVob  the  polyiwr  chain  ends.  Such  a 


proceae  can  be  viewed  as  the  reverse  of  the  propagation  step  in 


addition  polymerization.  In  the  Ideal  case,  monooer  is  the  only 
product.  Polynars  derived  from  1 .T-disubstltuted  ethylene  mcleoules 
are  often  susceptible  to  this  type  of  de^-adatlcn  Ct93:  a typical 
example  is  polylBsthyl  methacrylate).  Pathway  C in  Flsure  2.3  Is 


length  iv)  U.e 
polymerldation 


depolymerization  with  v > Pn:  once  ttislpplng  li 
le  macroBOleciiie  depolymerizee  if  the  Kinetic  cl 
ha  average  number  of  monomer  molecules  formed 
and  termination)  is  greater  than  the  degree  cf 
).  Pathway  B is  typical  for  dapolymerlzatlon 


Carbonlaatlon 


la  oyolltation. 


polyene  formation,  and  aromatlzatlon  by  dehydrogenation, 
usually  some  random  scisaion  occurring  concurrently. 


5.  CrosslinKlng 

CroaslinKing  reactio 
results  in  tne  formation 


B represented  by  pathway  D,  which 


molecules. 


probeble  reaotions  involved  In  the  thermal 


degradation  of  polymer  la  given 
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Volatile  fcroatiort 

Hain'Chaln  eoiselon 
Hain-cnaiii  croaalinking 
Unsaturation  formation 


It  Is  important  to  realize  that  tne  cnemioai  structure  of  tile 
polymer  affects  tne  de^-adation  rsaotlon  greatly  [50].  For  example,  a 
oompariscn  of  tne  monomer  yields  in  tne  degradation  of  PHMA  and 
fclyCmetnyl  acrylate]  {PMA)  shows  that  sterio  hindrance  caused  hy  the 
c-methyl  group  in  PMKA  staOlllass  the  free  radical.  Thus,  PWU 


depolymeritation  [50], 


'i " 'i  ' 
I._  '■]'  "i' 


fcroatlon  of  nethaoryllo 


ennple,  In 


evolution  of  the  correapondlng  olefin  C50.  Por 
ceee  of  poly(tert-0utyl  oetnecrylate] , 


depclyioerlzatlon, 


explained 


if  TTiennal  Degradation 


of  Polytaikyl 


Depolynterizatlon 


Depolyoerlzation 


free  radical  Interiaedlatea.  The  four  eosencial  reactions  are; 
I.  Inltlatlan 


3-  Oialn  transfer,  rollowed  by  9-sclsalon 
a.  Intaroolecular 
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il-fr 

i-hit 


polyverlsstlon  pr 
caCalyAt,  aay  act 


iQ  LopurUiea  inaorporatap  purlns 
la  residual  oonoffier  add  peroxide 
'or  tna  Inlfclatlon  of  desradablon 


.on  energy  for  the  depropa^tlon  reaoUon  cj 
I auo  of  tne  neat  of  polynariaatlona  and  thi 
' for  propagation  In  polynerlaatlon  with  thi 
.n  radical  polynarlaacion  cne  tarffllnaclon  r* 


Odcura  with  near  aero  aotlvatlon  energy  C56]' 
polynerlaatlon  Uflp)  (l.e.  cite  analler  |aXp|), 
aotlvatlon  energy  of  Oepropagatlon,  thus  the  hi 


probaplllty  of 


type  of  Hydrogen  »)iloh  la  aOetracted  and  la  the  loeest  for  tertiary, 
allyllc,  and  benayllc  hydrogens  57-60, 


1. 


reapeotlvely.  It  has  heen  dhoun  C58.59]  that  the  free  radical  can 
attack  new  hydrogens  at  conparaoie  distances  (e.g.  five  carton  atone 
froo  the  free  radical)  down  the  narton  chain  before  the  Internedlate 


30 


undergoee  8-solaalon  to  give  the  final  yoUtUe  trofluot.  nils  is 

nealize  that  Intranoleeular  transfer  offers  a uay  of  producing 
laolaculea  In  the  dimer  and  triner  site  range  much  earlier  and  In  mucn 
greater  proportions  than  uould  be  expected  from  random  sclselon  alone. 

Termination  oan  be  modeled  by  a blmolecular  dlaproportlcnatlon 
reaction,  This  la  mathematloally  convenient  and  Is  the  most  probable 
ie  high  temperature  Involved.  Hovevar,  It  should  be 
at  the  rate  of  all  these  reactions  are  affected  to  an 

keep  the  fragmenta  In  one  another’s  proximity  for  up  to  a hundred 

"cage  effect"  [60,61]  could  be  even  more  important  In  a highly  vleooue 
polymer  melt  Chan  in  leas  vlacoua  Itculds.  Thue  the  tarmlnatlon  rate 
oonetant,  may  be  much  smaller  for  large  polymeric  radlcala  than 


Oxidative  Degradation  of  Polvmera 

Although  polymers  degrade  at  high  temperatures  In  the  absence  of 
oxygen,  degradation  la  alapec  alwaya  faater  in  an  oxldialng  atmosphere 
aod  le  normally  autc-acceleratlng  [50]  irigure  2.6J,  The  exposure  of 
a polymer  to  oxygen  le  characterized  by  an  Induatlcn  period  during 
Uhlcn  the  polymer  does  not  shou  any  obvious  changes  and  there  Is 
little  oxygen  absorption  ae  shown  In  Figure  2.7  [62],  This  period  la 


«11B  aclderl  antl-otloant.  (Ailaptid  frM  [50] .)  ^ 
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nevsrtnalus  lopoi-tant  In  Che  prseese  at  oxidation,  Cooauao  aoBU 
asoLinCa  of  hyOroperoxldea  are  foroKd  whlon  can  Iniciata  Che  aubaaquant 
rapid  autO'OXldation  reaoClon.  In  aoote  caaea,  when  the  polynar 
contalne  trace  aoxmnta  of  peroxide  liapurltlaa  or  oacalyat,  the 
Induction  period  la  not  ooaerved  at  all  and  the  oxidation  proceaa 
Oeglna  limedlately  (figure  f.6).  During  the  reaction,  varloua  lov 
Dolecular  uelght  produota  are  evolved  and  groupa  containing  oxygen 
atona  (e.g.  hydroxyl,  cartnnyl,  and  aldehyde)  are  farmed  along  the 
polymer  chain  or  at  ICa  enda,  Poroatlon  of  a croaa-llnXed  etruoture 


The  primary  reaction  atep 
on,  propagation,  a 


nydroperoxy  radical  farmed 


the  correapondlng  hydroperoxide. 


a Initiation  reaction 


ulCraaonloa. 


Th«  propagation  reaotion  Involvaa  formation  of  peroay  radicals 
and  hydroperoaidas.  Slnoo  raactlon  fz.lll  is  a radioal  pairing 
prooesa.  It  naa  a low  activation  energy  and  oooura  with  high 
freduency.  tlie  second  atep  (2.12)  on  the  other  hand  Involves  tne 
treating  of  a oarOon-hydrogen  Send  and  has  a higher  aotlvatlon 


energy.  In  many  clroumatancea  I 
composite  of  tne  rate  oonetants 
peroay  radicals.  The  hydrogen  a 
aensltlve  to  the  oonforoatlon  of 


Peroay  radioals  are  relatively  a 
abstracting  tertiary  hydrogene  1 
ones.  (Tertiary  hydrogena  have 


the  propagation  rate  constant,  k^,  is  a 
for  several  possible  reactions  of 


r the  attacking  radioal  and  to  polar 
dependent  on  temperature  [63-S53. 
leleotlve  eleotrophlUo  speoles 
In  preference  to  eeoondary  and  primary 
tne  lowest  activation  energy  for  chain 


secondary  and  primary  or 
Hydroparoxlda  can  ( 


a epaclea  compared  tc 


It  U known  that  various  transition  Mtal  Iona,  such  as  oobalt, 
iron,  and  manganese  promote  the  deoompoaltlon  of  h/droperoxlde  by  a 
redox  meananlam  C66]: 


and  the  oatalytlc  aotivity  of  the  metal  lone  Inoreaaea  with  the 
Increase  of  the  oxidation-reduction  potential  of  the  metal  Ion.  These 
free  radloala  formed  are  very  unstable  and  are  aouroos  of  radloala  for 
the  Initiation  of  further  oxidation  reaction.  The  alwoxyl  radicals 
may  also  undergo  the  following  reaotlona  to  give  aldehydlo,  ketonlo, 
and  croeallnked  etructurea  which  are  typically  found  In  oxidised 
polymers  C57-73]i 

(a)  formation  of  aldehydlo  groups  through  a-scleslon  process,  e.g. 

CK-c’^''  ♦ .CH-CH  - 


ketonlo 


4-' 


[7i|]. 


3? 


anQ  the  oxidation  rate  la  eependent  on  the  concentratian  of  oxygen. 


CHAPIER  III 

EWSBIHENTAL  TSCKUIQIJSS 

The  a»perlMntal  techrUueo  usee  In  this  study  to  chsractarls* 
the  degradation  reaotlona  are  desorlbod  In  this  chapter.  DeUUed 
aampla  praparatlon  prooedureo  and  operation  variables  for  aaoh  polyoer 
are  given  In  the  following  chapters. 


Thareel  Cravlsatrlc  Analysis  ITSA) 


Height  changes  and  heat  effeota  (l.e.  enaotnerelo  and  emtherilo 
reactions)  were  oonltored  during  pyrolyala  by  sleultaneous  thermal 
gravlnetrlo  analysis  (TCA)/dlfferentlaI  thermal  analysis  (DTA).'  A 
block  diagram  of  the  TGA/DTA  system  Is  shown  In  figure  3.1. 

The  TQA  curvaa  were  obtained  by  slfflultanaously  recording  the 


respectively. 


Id  temperature.  Two  sizes  of  oruclbLea,  0,3  mL 
r polymers  and  oaranlc/polymsr  mixtures, 
buoyancy  run  was  donduoted  under  the  exact  same 


higher  temperatures. 


diagraiB 


by  coaparXng  the  tenperaturea 


le  aliutLna  cruciblea  Fioldihg  tt 


recorded  J)y  the  teo  tneraoeouple: 

Inaerted  Into  the  botton  end  or  i 
aanple  and  reference  oaterlals.  The 
0.3  oL  and  coarsely  ollled  alualna  ei 

The  heating  rate  vas  S'C/oln  and  the  gas  flo 
nitrogen)  was  approxloately  60  BL/nln.  All  the  a. 

Reeidue  Analvals 

Fourier  Transferal  Infrared  fFTIR)  Soeccroacopy 
The  residual  polyner  was  analyzed  at  various 
pyrolysis.  The  polyoer  residues  were  analyzed  la 
equipped  with  a hot  stage. 

optical  Sench  are  shown  In  Figures  3.2  and  3.3.  ' 
consists  of  a OloOar  IR  source,  KBr  Peaa  splitter. 


le  reference  naterlal. 


nitrogen-cooled  HgCdTe  (HCT-g)  detector.  A nigh  tSBper 
chaober.  coupled  with  a diffuse  reflectance  stage. ^ was 
spectra  under  controlled  atmosphere  Calr  or  nitrogen)  ai 


2 Model  DRA-3S0,  Harrlclt  Soientlflo,  Ossining.  KT. 


The  dirruae  rsfleetajiee  stage,  as  ehewn  scheDatlcally  In  Figure 
S.h.  had  two  6:1  96®  off-axis  ellipsoidal  mirrors.  One  of  them 
focuses  the  incident  beam  on  the  sample,  while  the  other  one  oollects 
the  diffusely  reflected  radiation  off  the  sample.  Ills  radiation  was 
oollected  at  an  aslouthal  angle  of  120®  to  teinlmiae  the  intensity  of 
reststrahlan  bande  and  specularly  reflected  U^t  and  thus  to  achieve 


The  high  temperature  reaction  chanOer,  as  shown  In  Figure  3.9, 
supports  the  sample  in  a eup  looated  at  the  top  of  a temperature 
controlled  post,  A water  cooling  jacket  is  provided  to  control  the 
temperature  of  the  outer  chamber  and  windows  during  very  high 
temperature  oondltlons.  The  temperature  was  controlled  externally  at 
a rate  of  5®cynlo  from  30"  to  600*C,  Spectra  were  oolleoted  every 

a cm  ' resolution. 


The  diluents  used  include  potassium  bromide  {KBr)  and  diamond 
powder.  IR-grade  KBr  was  finely  ground  and  heated  to  remove  adsorbed 
moisture  before  use.  Diamond  powder'  was  used  as  received. 

Hot-stage  FTIR  spectra  were  also  obtained  for  ceramlokpolymar 
mixturea.  In  order  to  Isolate  the  changes  that  ooour  in  the  polyaier 


pyrolysis  behavior  due  t> 
spectra  were  oolleoted  fi 
heating  conditions)  and  ' 


e ceraaio/poiymer  mixture. 


Figure  3.1 


I 

I 


I 


Intensities  plots 


peek  Intensity  was  calculated 
that  partlQiJlar  peak  to  that  o 


function  of  teapsrature.  Relative 


the  carbonyl  peak  at  SO^C. 


Volatile  products  forised  during  pyrolyala  were  analyzed  by  i 
chroBStos-aiiiy  (OC).^  » ooobuotlon  boat  containing  the  aample  w; 


‘ Vapor  Phase  Spectral  Library,  Slcolet,  Nadlson,  HI. 


voUClls  producta  rornea  dirlng  pyrolyala  were  collected  In  a Uc;ijid 
nitrogen  oold  trap.  After  the  oold  trap  waa  reooved,  aaaplaa  were 
Injected  Into  the  GC  In  order  to  eeparate  the  volatile  conponente. 

The  OC  haa  an  on-oolu«n  Injeotlon  port  and  a 5*  tfienyl  aethyl 
elllcona-coated  30  a X 0.53  an  capillary  coluan.  Hellca  (He)  waa  caed 
aa  the  carrier  gae . 

nie  K was  Interfaced  with  the  Infrared  epactroaeter  (GC-PTIH), 
ae  ahown  in  rigura  3.6,  In  order  to  Identify  the  volatllee.  The 
apeotra  of  the  volatllee  were  taken  In  a rapld-acannlng  node  when  they 
paeeed  throu^  the  GC-lg  light  pipe.  The  apeotra  were  then  coapared 
with  the  EPA  (U.S.  Snvlronaental  Protection  AgenoyJ  vapor  phaaa 
lltrary’  by  coaputer  for  Identification,  The  GC  waa  alao  equipped 
with  a flaae  Ionisation  detector  (FIG)  and  peak  Integrator®  In  order 
to  deteralne  volatile  concentration. 


^ Vapor  Phaaa  Spectral  Library,  Nloolet,  Hadlaon,  HI. 
® Hodel  3392A.  Hewlett  Packard,  Palo  Alto,  GA, 


Figure  3.1 
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which  are  randcnly  distributed  along  the  colyiaer  ahain.  This 
aeohaniam  appears  to  Oe  quite  reasonable  and  aooounte  for  Che  role  of 
oxygen  and  foroal  ring  In  the  initial  degradation.  The  radical 

ring,  seep  C acoounba  for  the  increased  carbonyl  abaorption  observed 
in  the  Infrared  speotruo  and  for  the  presence  of  fornaldenyde  aiacng 
the  volatile  de0*adation  products. 

In  1959,  Shuvalova  and  Popova  [79]  atudled  the  Infrared  spectral 
changes  acoonpenylng  the  heat  treatment  of  polyvinyl  ethylal  and 
polyvinyl  butyral.  Absorptions  In  the  apeeCrum  attributed  to  oarboh- 
oxygen,  carton-hydrogen,  and  hydroxyl  functionalities  decreased, 
whareas  the  carbonyl  absorptions  increased  significantly.  These  dais 
were  Interpreted  ae  the  fcrsatlon  of  eaters  of  acetic  and  butyric 


(1.6) 


L 
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However,  l.iveetlgetlona  wHlcH  dlreetly  oonpara  tfte  aes-edetion 
tehavlor  or  Pi>B  In  oxldlilng  and  nonoxldljlng  atmoejsierea  cannot  66 
roieid  In  tne  literature.  FurtfieriDore,  atudlee  oonoerning  trie 
PJToIyala  benaHor  of  PVB  In  ttie  preeenoe  of  oeraiio  powdera  are 
UoHng.  mue,  tne  researon  obJeotUes  of  tnia  etudy  are  foouaed  on 


PBtertala  and  Hethede 

Hat aria la 

Poliaer.  The  polymer  used  In  thle  etudy  was  a polyivinyl 
butyral)  resin,'  PVB.  IWs  resin  Is  a copolymer  wltn  butyral, 
residual  hydroxyl  and  acetate  groups  attached  to  the  carton  backbone 


According  to  the  manufacturer,  tha  nominal  butyral  content,  expressed 
as  weight  percentage  of  polytvlnyl  butyral),  le  8M  and  tha  nominal 
hydroxyl  content,  expressed  as  weight  peroentage  of  polyivinyl 
alcohol).  Is  17.5'SOt.  Tha  resin  also  contains  a nominal  acetate 
content,  expressed  as  weight  peroentage  of  polyivinyl  acetate),  of 


58 


mxiures.  The  heating  rate  was  5’C/nln  ana  the  gas  flow 
rate  (air  or  nitrogen)  was  approxlaately  80  oL/niln. 

Foigler  tranefora  Infrared  (PTIB)  apeotrcaoopv.  The  residual 
palyner  was  analyaed  at  various  acagea  during  pyrolysis  ualng  a 
Fourier  transfora  Infrared  (PTIR)  spectrometer  equipped  with  a hot 
stage.  PotassluB  tromlde  (KBr)  was  used  as  diluent  In  this  study. 

For  pure  PVB  samples,  50  m1  of  polymer  solution  (go  ograL 


solvent  avaporateo  completely,  the  polymer/dlluent  alxture  was 
transferred  to  the  saaple  oup  and  was  subsequently  analyzed. 


600  EDg  of  diluent  In  a mortar  before  transfer  to  the  saaple  oup. 

The  heating  rate  was  5‘C/mln  from  30-600"C.  Speotra  were 
collected  every  30"C  isiOer  a ccntrolled  atmosidiere  (air  or  nitrogen) 
over  the  range  4000-700  cm  ' , with  4 om  ' resolution. 

Caa  chromatogriehy  (GCl.  Volatile  produots  formed  during 
pyrolysis  ware  collected  In  a liquid  nitrogen  cold  trap.  Samples  were 
than  Injected  Into  the  gas  ohroDsstogrsph  (GC)  In  order  to  separate  the 
volatile  components.  The  GC  was  Intarfaced  with  the  Infrared 
spectrometer  (OC-PTIR)  In  order  to  Identify  the  volatiles. 

Results  and  Discussion 

In  this  study,  degradation  behavior  of  PVB  In  oxidizing  and 
nonoxidizing  atmspheres  were  compared.  The  pyrolysis  raecnsnism  of 
PVB  In  the  preaenoe  of  ceramic  powders  was  also  Ihveetl^ted. 


Pyrolyal»  Behavior 


Figure  H.2  snows  the  FTIR  spectra  For  polymer  resiaues  at 
aifferent  tenperatureo  during  the  pyrolysis  of  PVB  In  nitrogen.  * 

Table  e.l  [82].  The  results  In  Flgire  li.2  Indicate  that  extennlve 
side  group  elimination  reactions  occur  between  300  and  b00**C. 
Degradation  of  polylelnyl  Putyral)  sesaents  Is  Indicated  by  Oes-eaaea 
In  Intensity  for  the  C-H  stretcning  peaks  at  2950  and  2870  cm'';  c-H 
banding  peaks  at  1958,  U3t , and  1378  ca''i  C-O-C  stretcning  peak  at 
I?38  cm  and  the  ring  vibration  peak  at  1001  cm  Tne  decreases  In 
the  Intensity  of  the  0-H  stretching  peak  at  3970  ea”'  and  the  C-0 
stretohlng  peak  at  1109  cm''  are  associated  with  the  elimination  of 
hydroxyl  groups  from  tne  polyfvlnyl  alconol),  PVA,  segments,  Removal 
cf  acetate  9*oupa  from  polylvlnyl  ecetate),  PVAc,  segments  la 
Indicated  by  the  decrease  In  the  0-0  stretching  peak  at  1290  cm*’ . 

the  volatile  products  formed  during  pyrolysis.  The  primary  volatile 
component  Identified  (see  Flgire  k.3)  was  butyraldehyde  (CjHjCHO) 
union  can  be  formed  by  eeparation  of  tne  ring  structure  In  the 
polyCvlnyl  butyral)  segments  from  the  carbon  backbone.  Another  major 
volatile  product  was  water  (Figure  k.e)  whicn  forms  by  a side  group 
elimination  reaction  Involving  the  hydroxyl  group  In  the  polyCvlnyl 
alcohol)  seffnente. 

Although  moat  of  the  abeorptlon  peaka  In  Figure  9.2  decrease  as  a 


PeaK  AaalgTLDant 
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Intensity  of  the  cartonyl  fC-O)  peak  at  1730  cn'^  between  300  ana 
400®C.  In  aOdltion,  a eoall  peak  Cat  1600  on”')  aaeoclateil  witn 

Ttie  foruBtlon  of  C-0  ano  C-C  Bonds  la  Indloatlve  of  Both  aide  grogp 


allnlnatlon  and  scission  of  the  carton  Backtone  [75.83].  Main  chain 


aclealon  la  also  Indloatad  by  CC-mR  volatile  analysis  which  shows 
that  smll  aoouncs  of  low  Doleoular  weight  alcoholic,  ketonlc.  and 
oarboiyllo  acid  oonpounds’  are  forieO  during  pyrolysis  [St]. 

Figia*e  4.5  shows  the  PTIR  spectra  for  polyser  residues  at 


different  tsoperatures  during  pyrolysis  In  air.  The  spectra  nave 
slitllar  features  to  those  In  Figure  4.2  for  nitrogen  pyrolysis.  But 
sevsral  isportant  dlffsrencss  should  be  noted.  First,  the  elds  group 


I C-H  stretoning  and  Bending,  0>K  stretching. 
C-O-C  stretoning,  C-0  stretoning.  and  tne  Butyral  ring  vlBratlon  all 
deoreaee  slpilflcsntly  between  250  and  iOD^C.  At  400^0.  the  C-H 
stretching  peaks  have  aisapteared  In  alp  pyrolysis,  while  significant 
peaks  resaln  In  Che  speotruo  for  the  oorrespondlng  nitrogen  sanple. 


Another  loportant  difference  between  the  air  and  nitrogen  FTIR  spectra 
In  Figures  4.2  and  4.5  Is  tne  develcpctent  of  a strong  carbonyl  peak 
Betuaen  150  and  250*C  In  air  pyrolysis  Indicative  of  oxidative 


ip  ellBlnatlon  aj 


chain  sciaslon  la  assisted  By  an  oxidative  meohanldn.  This  Is  also 


indicated 


Identification  of  alcoholic,  ketonlc.  and  carboxylic  acid  ccifipounds 
was  irovlded  By  W.K.  Shih,  University  of  Florida,  Gainesville,  FI., 
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The  OC-PTIR  anelyals  of  volatile  proauGia  forned  during  air 
pyrolyste  ahouea  similar  reaults  as  In  nitrogen.  (AUhougn,  more 
volatile  products  vara  detected  during  air  pyrolysis. 1 Hie  major 
volatile  product  ess  again  butyraldehyde.  Significant  concantratlona 
of  eater  and  tutyrlo  acid  ware  also  detected,  as  eell  aa  smaller 
amoiaita  of  alcoftollo,  ketonlo.  and  oartcxyllo  acid  compounds. 

Figure  t.6  shoes  the  TGA  results  for  air  and  nitrogen  pyrolysis 

side  9*oup  elimination,  as  sell  as 


more  residue)  for  air  pyrolysis.  This  Is  attributed  to  the  eiitenslve 
dsvsloptent  of  oartonyl  groups  In  the  polymer  residue  {figure  t.5). 

The  existence  of  a ssoonO  (higher  temperature)  weight  loos  stage 
In  the  IGA  curves  suggests  that  degradaclon-reslatant  oyollo  and 
oroaallnked  atructures  form  at  lower  temperatures  during  the  side 


group  elimination  and  chain  acieslon  reactlcns.  The  dsvelopmsot  of 
cyclln  structures  In  the  polymer  residue  during  the  early  stages  of 
degradation  was  Instoateo  by  QC-PIIR  analyola  of  volatiles  colleotsd 


variety  of  aromatic  compounds 
^enol,  acetophenone,  eto. 


In  botn  air  and  nitrogen  pyrolyele,  a 
were  detected,  including  benamldehyda , 


Identification  of  aromatic  compounds  was  provided  by  W.K.  Shin, 
University  of  Florida,  Gainesville,  FL. 
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I ts  leas  OBvalopeenc  of  oyollo  aiW  crosallnkeB 
w taoperaturea  In  nitrogan,  tha  flrat  ataga  In  ttie 
curve  {rigura  k.6J  enda  with  a greater  cvarail  weight  Icaa  U.e.  I 
realCue}  ccapared  to  air  pyrol/ala.  However,  ainoe  oxidative 
flagradatlon  maohaniana  are  not  lUcely  in  nitrogen  pyrolyala,  the 
croaaUnlced  and  cyclic  atructurea  that  do  foro  during  the  tirat  at. 
are  extrenely  difficult  to  break  down  at  the  higher  tenperaturea. 


obaerved.  Here  iiportantly,  large  anounta  of  realOue  (-kj)  reoaln  at 
high  teaperature  up  to  TOOO°C  in  nitrogen  pyrolyaia,  indicating  that  a 


The  ioportanca  of  oxidative  degradation  Bechaniams  in  air  pyrolyaia 
waa  alao  illuatratad  by  PTA  reauitaJ  Flgire  k.8  anowa  plota  of  the  DTA 
curve  and  the  derivative  of  the  TCA  curve  (DTO)  for  air  pyrolyaia. 
Although  the  weight  loaa  in  the  aecond  atage,  the  aecond  DTG  peak,  ie 
Buoh  eoalier  than  the  flrat  atage,  the  exolherolo  peak  la  oonaiderably 


breakdown  of  the  croaalinked  and  cyclic  atructurea  that  developed  during 
the  earlier  atagea  of  pyrolyaia.  The  exothern  obaerved  during  the  flrat 

davelopoent  that  waa  obaerved  at  low  tenperaturea  in  the  PTIS  apeotra 
[Figure  k.5J.  The  reaotione  aaaociated  with  the  firat  atage  (aide  group 
elioination  and  naln  chain  aolaaion)  are  generally  andotheroio  when 

' DTA  and  DTO  raaulte  In  Figure  k.8  were  provided  by  O.H.  Schelffele, 
Unlvaralcy  of  Florida,  Oaineavllla,  FL. 
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sxygen  19  not  prsgcnt,  (IndeeQ,  small  endotnernlo  paaks  uere  onservad 
at  -380  and  '«30“C  during  nltrogan  pyrolysis  of  PV0.)  In  air  pyrolysis. 


tna  heat  releasad  due  to  oxidation 


.9  exotnernlc. 


surriGlent  to  produoe  a 


Pyrolysis  Banavlor  of  Al^O^/PVB  Hlxtures 

Pyrolysis  studies  Hers  also  oarrled  out  ultn  SljO^/PVB 
Bixtures.  In  order  to  demonstrate  the  bonding  eeeftanlsiu  batueen  U20j 
and  PVB  at  roos  teoperatura , PTIB  spectroscopy  was  used  to  llluatrate 
the  Importance  of  Al^O^  surface  nydroxyl  groups  In  PVB  adsorption. 

The  middle  spmatrusi  in  Plgura  a. 9 shows  the  as-reoalved  AlgO^' 
very  Croad  peak  over  the  range  3700-30()0  cm*'  Is  assodlated  with  0-H 
Stretdhlng  vibrations  In  physically  adsorbed  hydrogen-bonded  molecular 
water  and  in  surface  hydroxyl  groups  (l.e.,  Al-OH)  hydrogan-Conded  to 


subtracting 
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ra  OF  (middle)  and  Al^o*  oontainlng 

VB  (top).  TTie  difference  apeotrum  (tottom)  1: 
y subtracting  the  middle  epectrun  from  the  tc] 


hydroxyl  p*oujjs  at  '3750 


reauU  of  PVB  adaorpnon.  This  loss  Indloatea  that  tha  polyBer  la 
tonalng  atrongly  to  the  laolated  airfaoe  hydroxyl  p-oupa.  Thua, 
polyoer/partlole  attacFuaent  Involvaa  hydrogen  bonding  betueen  laolato' 
hydroxyl  groups  on  Che  Al20^  surfaae  and  PVB  hydroxyl  aide  groups. 

The  PVB  degradation  leohanlga  In  AljQ^/PVB  olxtures  xaa  round  to 
Be  very  slnllar  to  that  of  the  polymer  alone.  This  la  Illustrated  by 
hot'Stage  FTIR  results  for  AI2Q2VPV6  mixtures  that  uere  pyroLyzed  In 
air  and  nitrogen.  In  order  to  monitor  the  PVB  de9*adatlon  Behavior 


eeramlo  by  Itself  (under  the  same  heating  conditions  used  for  the 
olxturesj  and  these  spectra  were  subtracted  from  the  correapondlng 
spectra  for  the  oeramlo/polymar  mixtures.  The  "diffarenee"  spectra 
are  shown  In  figures  4.10  and  4. 11  for  nitrogen  and  air  pyrolysis, 
respectively.  The  changes  that  occur  during  heating  are  vary  similar 
to  results  shown  In  Plguree  4.2  and  4.5  for  "pure"  polymer.  This 
indicates  that  although  PVB  attaches  to  the  AlgOj  particle  via 

hydroxyl  groups  on  the  particle  surfaces,  no  direct  chemical  reaction 


Summary  and  Conoluslons 


The  Initial  pyrolysla  of  PVB  is  dominated  by  the  elimination  of 
aide  groups  (butyral,  hydroxyl).  Available  evidence  Indicates  that 
main  aolsslon,  crosallnklng,  and  oyolUatlon  alec  occur  during  the 
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Figure  «.li  FTIR  speatra  of  the  polymer  residue  at  the  Indicated 
temperatures  during  pyrolysis  of  AljOj/pvB  mixtures  In 


early  ata^s  or  pyrolysis.  HlgMr  teaperatiras  are  reqalrsa  to  tresK 
down  the  degradation-resistant  oycLic  and  eroasllnked  struoturea. 

Degradation  behavior  or  PtfB  is  highly  depanOeiit  on  the  pyrolysis 
atBoachere.  Pyrolysis  la  initially  aocalerated  in  air  (oospared  to 
nitrogen?  due  to  oxidative  mechanlsss.  Oxidative  degradation  la 
Indicated  by  the  extensive  oevelotoent  or  carbonyl  groups  during  air 
pyrolysis.  At  intereediate  teoperatures . a larger  weight  loss  waa 
observed  in  nitrogen  Icoapared  to  air),  This  apparently  reriacts  the 
sinlsal  developeent  of  oarbonyl  groups  and  the  lass  rapid  developeient 
df  croaslintied  striintupea  during  nitrogen  pyrolysis.  During  the  late 
stages  of  pyrolysis,  degradation  in  the  absence  of  oxygen  is  extraoely 
difficult  due  to  carbonltatlon. 

PVB  adsorbed  odto  the  AI2O3  particle  aurfaos  via  hyoroged  bonding 
between  hydroxyl  aide  ycups  in  tha  polyiaer  and  hydroxyl  groups  on  the 
particle  sirfacee.  During  pyrolysis,  the  PVB  degradation  oeoflanlam 

chenlcal  reaction  takes  place  at  higher  tenperaturea  between  PVB  and 


whicrt  oontlnusd  ui 
Inveattsatlona,  tl 


initiation  raactie 
initiation  C9S]  ui 


ly  rorthar  indicated  that  tiiera  are  twc 
'MMA  degradation.  One  i: 

aln  ende  rorned  aa  a roaulc  of  diaFTOpor- 
in  during  polytwrlaation.  Tiie  otheri  taking  place 
at  higher  teaperaturea,  la  Initiated  at  randoi  poeltione  along  the 
poljCDer  ohain.  They  alao  atreaaad  that  tha  relative  iaportanca  of 
theee  two  reaotione  depende  on  the  teopereture  of  depolyoerizatlon. 
Their  reaulta  were  later  confined  by  oenar  workere  C96-9S],  and  it  ia 
known  that  the  oorrect  kinetic  interpretatioc  of  PWA  degradation 
reoulren  both  aodee  of  initiation  to  be  taken  into  aooount  [9J-102]. 

The  kinetic  rate  equatlona  for  the  depolyiaeriaation  reaction  can 
be  ekpreeaed  by  the  following  elementary  ateps. 

In Itiaticn 


d initiation 


Intraaclecular  dha 
caee  of  ecuatioD  5 
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B>9l90ular  weignt  or 


Equation  5.9  can  be  rearranged  to  give 


tarcinatlon 


AOdlng  equations  5.13 


JJ-  • (kj  • KjR)H,  - kgMg  - • k^)a,  (5.17) 

TBe  first  two  teriaa  represent  the  gain  In  ooleeulaa  by  Initiation  or 
chain  tranofer,  and  the  aeoond,  the  lose  of  Bolaeulea  by  evaporation 

The  rate  of  weight  lose  can  be  obtained  In  a almllar  way  by 
multiplying  equation  S.n  by  n and  auEgalng,  to  give 


the  second,  loaa  by  depolynerlaatlon. 

The  rate  of  weight  loan  aa  a function  of  alp  length  can  be 
obtained  If  R - and  R^  In  equation  5. 18  are  allBlnated  with  the  aid 
of  equations  5.13  and  5.17t 


kjRjN,  - (1  • ylkgMfl  (5.19) 


If  Initiation  la  random,  the  number  of  possible  Initiation  altee  la 
independent  of  molecular  weight.  If  the  tip  length,  i.  Is  muon  larger 


polymarlaatlon 


volatUtsatlon  Is  prcpcrtlonal 


10  dagres  of  polynar'lzatlon  ii 


disproportionation  tsminations 


tarnlnation  tS.22) 


Tns  rate  of  weight  lose  la  Indeponoent  of  the  Initial  tnoleoular  weight. 

For  cnaln-end  Initiation  reaction,  If  the  zip  length  i Is  BucB 
larger  than  the  degree  of  polynerlzatlon  x,  then 


If  tne  degree  of  polymerization  la  muon  larger  than  the  zip  length 
lx  » 7), 


disproportionation 


r reconblnatlcn  termination 


a Cl03“107]  nave  oonfiroed  tl 


shown  that  the  terolnatlon  ie  tioolecLlar  at  low  tenperaeurea  and 
ohangee  to  unioolacular  at  hl^  teoperatures. 

FroB  the  p*evioua  dlscuaalon,  It  Is  auggeated  that  and  s*cupe 
generated  diirlng  the  teralnation  of  the  free  paoioal  polymerization  of 
oethyl  aethacrylate  (WU)  hare  a profound  affect  on  the  tharmal 
stability  of  the  resulting  polymer.  Hatada  et  al.  [106]  denonatrated 
by  'h  KWl  speotroacopy  that  the  termination  by  dlaproportlonatlon  In 
the  radical  polymerization  of  MMA  oooirrad  mostly  throu0i  route  a of 
the  following  aquation  and  not  through  route  b. 


^e  peaks  at  5.b  and  6.1b  ppo  ware  asslgied  to  the  methylene  protons 
of  the  vlnylldene  group  formed  through  route  a.  In  the  abaenoe  of 
transfer  agents,  the  termination  of  HMA  polymerization  ooours  by 
combination  on  disproportionation.  Disproportionation  results  In  a 
saturated  structure,  1,  and  an  unsaturated  end  group,  2,  while 


tnj  i-rij 


I ^1  ’ 

CHj  eOOCHj  COOCHj 


Tney  then  used  ooobioea  DSC  (dlfCerentiel  scanning  calorlnatry)  and  TCA 
to  taat  the  tharsal  stability  of  cllgcmers  b,  5.  and  7.  It  was  shown 

SOCC.  No  dependence  on  leoleaular  weight  was  observed  up  to 

• 10.000.  Hade!  coapounds  containing  head-to-head  linkages  (ollgsper 
7)  deconposed  at  195*C,  clearly  showing  that  head-to-haad  linkages  are 
the  least  stable  p*oups  arising  from  tereinstlon  of  polyteerliatlon.  The 
evidence  for  the  reduced  stability  of  the  H-K  linkage-configuration  was 
provided  by  the  orystallographlc  data  obtained  by  Poppleton  [111]. 
Poppletcn  Indicated  that  It  Is  the  strain  at  the  head-to-head  link  that 
makes  It  e preferred  site  of  chain  solasloo.  Purtneratore,  the  bond 


[112],  Therefore,  wel^t  Ic 
to-head  linkages  should  occi 


UnlcagSi  de^adacion  ci 


:e  would  contain  the  usak  noad 
Lns,  tnarefore,  ahould  E» 

■arly  atagea  of  pyrolyala.  TJiua,  Cacloil  [109] 

>e  of  a auitabla  chain  tranafar  agent,  which  coulO 

aubatantlally  Inoreaaa  the  oaenall  tnaraal  ataOlllty  of  ?HHA.  The 
Influanoaa  of  ohaln  enoa  and  weak  linka  to  eha  thermal  ataBllUy  of  P»l 
were  alao  atudied  by  aeveral  other  raaearohera  [na-119]. 

I.C.  Hohalll  [130]  etudiec  the  Charinal  degradation  of  PMHA  and 
Ita  oopslymara  and  found  that  the  thermal  atablllty  la  highly 
dependant  both  on  the  method  of  preparation  and  on  the  molecular 
weight  of  the  polymer-  In  hla  atudy,  thermal  TOlatlliaatlon  analyala 

different  oolecular  welghta  prepared  by  free  radical  and  anionic 

correapondlng  to  different  mi 
depolymerlaatlon  prooesa.  (Paaka  below  320*C,  which  ware  attributed 
to  trapped  volatile  materials  relsaaad  aa  the  polysar  softens,  are  not 
indluded.)  At  the  first  peak,  the  rate  of  degradation  between  320* 
and  300*0  la  lower  for  aamplea  of  higher  Initial  moleoular  weight. 


ie  tiighei*  fcr  ddsples  or  higher  BOiecular  weight 
peak,  the  rate  or  OegreOatlsn  Detuean  320’  and  3S0‘C 
eaaplea  of  hi^er  initial  coolecular  weight.  is 
Of  higher  aoleoular  weight.  Theae  obeervationa  are  c 


accepted  view  that  the  firat  atage  la  end-initiated  and  the  aecond  la 
initiated  by  random  chain  aoieglons.  In  Figure  5.1(B)  theroograms  for 

OBChaniao  are  compared.  The  correepondlng  trace  for  the  low  molecular 
weight  polymer  C,  prepared  by  the  free  radical  mecnaniem,  ia  aleo 


ooleoular  weight  aaopLe  D,  which  ahowe  a elnilar  value  to  the  high 
molecular  weight  aaople  A prepared  by  the  free  radical  oechanieD  (eee 
Figure  5.1(A)).  More  etniking,  however,  ie  the  aoaence  of  the  float 
peak  in  the  low 'moleoular  weight  anionic  aaople,  E.  Thia  indicatee  that 
the  unataoie  vinylidene  enda  preaent  in  the  free  radical  aaople  are  not 
produced  in  laaterial  prepared  by  the  anionio  proceae, 

Kaahlwagl  and  co-workera  tll5J  uaed  theroogravimetry  to  ekamine 
the  effeot  of  amount  of  vinylidene  chain  enda  on  the  thermal'stabillty 
of  PWA.  In  tnelr  study,  when  the  pclymerizationa  were  oarrled  out  in 
Che  preeence  of  tart-butyl  mercaptan  (a  chain  tranefer  agent),  the 
amount  of  vinylidene  chain  enda  decreaaed  greatly,  l.e.  from  0,35  to 
0,03k  and  0.  The  DTO  results  shown  in  figure  5,2  indicate  that,  for 
all  three  eamplee,  Che  most  stable  linlagss  generate  Che  largest  peak 
corresponding  to  009*0001100  caused  by  random  soission  initiated 
within  the  polymer  ohaine.  Samples  A (-0.0)  and  B (-0.03k)  do  not 
ahow  any  detecCabla  walghc  loss  from  least  stable  linkages  (around 
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Initiation  froB  the  vlnylioena  chain  enCa]  appears  rcr  sanple  A. 
Kasniwagl  and  co-workers  also  exatelned  the  effects  of  oolsciilar  weight 
(rigiire  5.3(A)}  and  piLyDerlaatlon  aethod  (Figure  3.3(B))  on  the 
thermal  degradation  tehavlcr  of  FWA.  Their  results  are  In  good 
agreement  of  that  of  NcNeill  [1203.  Similar  observations  were  also 

The  Influence  of  tactlolty  la  another  Imfortant  factor  affecting 
polymer  degradation  behavior  [12H-I263.  Klran  [127]  studied  the 
thermal  degradation  behavior  of  PUMA  of  different  taotloltles  by 
pyrolyzlng  samples  lb  a flowing  helium  atmosFhere  at  a beating  rate  of 
2D*C/Blh.  The  thermal  oonduotlvlty  responses  during  pyrolysis  of 
PHMAs  snowed  some  differences  for  the  different  tactic  forma  (Figure 
5.d(A)).  Analysis  of  the  pyrolysis  froducte  formed  in  the  temperature 


almost  exclusively  to  methyl  methacrylate  monomer.  The  mass 
chromat09-ama  are  ahoun  In  Figure  S.dO).  Mpwever,  the  traces  of  nigh 
molecular  weight  constituents  observed  In  the  leotaotlo  polymer  were 
not  characterlesd.  Jelllnek  and  Lun  [128]  studied  tne  Influence  of 
tacticlty  on  the  rate  of  PMHA  degradation  In  a closed  system  over  a 
range  of  temperature  300*-t00*c  In  the  absence  of  air.  The 
degradation  was  shown  by  Kinetic  analysis  to  prooeed  Oy  random 
Initiation,  depropagation,  and  disproportionation  as  tne  termination 
reaction.  Their  results  also  show  that  syndlotactlo  FMHA  appeara 
thermally  more  stable  than  Isotactlo  PMHA.  However,  the  overall 
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energy  of  activation  for  oltner  polyner  la  alteilar;  the  reaaon  for 
thia  alfflUarlty  is  not  yet  linoeracooo, 

Detalleo  investigations  of  Che  role  or  oaygen  In  Che  theraal 
degradation  of  PWA  were  made  recently  by  a group  of  reaearohere  at 
BBS  (Rational  Bureau  of  Standards)  [1 19,129-1 3' ]•  The  DTD  curves  for 
anlonloally  polymrlaed  PHHA  staple  K and  radically  polyoterltad  aanple 


C degraded  In  air  are  doopared  with  those  degraded  In  nitrogen  aa 
Shown  In  Figures  5.5  <*)  and  (B)  CH9],  reapactlvely.  Only  one  peak 

5,5  (A),  However,  saaple  H degrades  In  air  at  nuch  lower  tsapsraturea 
than  In  nitrogen.  The  effects  of  gas-phase  oxygen  on  the  degradation 
of  radically  polyserlaeO  PHHA  are  much  acre  cosplex  than  tlDse  on 
anlonloally  polyBarlsad  PHHA  as  shown  In  Plgis'e  5.5  (B)  for  aaopla 


head  linkage  during  nitrogen  pyrolysis  cospletely  disappears  when  the 
saaple  degrades  In  air.  The  second  peak  caused  by  end  Initiation  In 
nitrogen  is  sllgnciy  stabilized  (l,e,  shifted  toward  high 

air  between  the  second  and  third  peaks  observed  in  nitrogen. 

Therefore,  Kashlwagl  et  al.  suggest  that  ^a-phaee  oxygen  plays  a oual 
role  In  the  de^'adstlon  of  radloally  polynerlxed  PIMA  by  suppressing 
Its  decadatlon  causao  by  the  weak  linkages  at  low  teoperaturee  and  by 
enhancing  Its  de^sdsttcn  at  high  tesperaturee . The  reported 


TEMft*MXHE('c) 


nltrosen.  alnoe  sampUa  Involving  dlfferant  Initial  aolaoular  welgnta, 
Inltlatora  and  polynarlsatlcn  oethoOa  ahov  Ualoally  the  aane  peak 
(OTC)  whan  they  dep*aded  In  air. 

In  tnia  atady.  the  pyrolyala  behavior  or  PM1A  reaina  waa 
Inveatigated  uaing  a variety  or  technlquea  ae  deaorlbeO  in  the  next 


aection.  rtora  importantly,  degradation  behavior  of  PHMA  In  i 
preeence  or  ceramic  powdera  waa  alao  inveatigated.  Pinally, 
errecta  or  important  prooeaaing  varlablea  Ce.g.  pyrolyaia 
heating  rate,  aample  aide)  aa  well  aa  atrategiea  ror  enhancing 


degradation  reaotlona  ware  diaoueaed. 


Hateriala 

Polymera.  The  polymara  iiaad  in  thla  atudy  were  polyimethyl 
methacrylatei  reaina,'  PMIU.  According  to  the  mamiraoturer , they  were 


' Elvaolte  2008,  2010  and  20«I,  DuPont  Co.,  Wilmington,  DE. 


Base  by  a rree  radioal  poiyDerlaatlon  prooeaa.  17ie  ooiecular  weights, 
BMeeular  weight  aistrlbutlons,  and  triad  taoclcltles  are  given  In 
Table  S.1.  The  aolecular  weights  and  eoleeiilar  weight  distributions 
were  obtained  using  gel  perneatlon  chrooatography  (CPC)^  with 
jbbnodispersed  polystyrene  as  a standard  and  tetrahydrofiran,  TKF,  as 
tha  solvent,  A sample  ooncantration  or  20  mg  per  milliliter  was 
used.  The  polymer  solutions  were  filtered  through  a 0.b$  urn  filter  to 

then  injected  into  the  OPC,  which  has  a set  of  four  b oim  y 30  cm  u 
STTRACSL  columns^  ipacked 

(refractive  index}  detectors  were  us 
chromatograms  are  shown  In  Appendix  A. 

The  triad  tactioltlee  Cl3«,l35]  were 

COClj,  as  solvent  and  tetramethyl  silane, 

The  polymer  oonoentration  was  100  mg/mL  Ci 
a two  minute  sweep  time  were  used  during  I 
are  shown  in  Appendix  B. 

(Jnlsss  othervlse  specified,  t 

experiments. 


croasUnited  styrene-divinylbenzeoe 


deuterated  cnlorofom, 
IS  internal  standard. 


ers  Associates,  Hllford,  HA 
a Clfomato^aphy  Division,  I 


spectrometer. 


Holacular  Weighta,  HaUouUr  Ualgnt  Dlecrltiutlons,  and 


Tactlcltlas  oi 


Holacular  Height  and 
HoleciUar  Height  Distribution 


CeraBlca.  CaraBle/polymer  mixtirea  were  pr«{Bred  iialng  tha  aaoe 
AI2O9  powder  aa  described  In  Chapter  IV,  The  TGA  ourve  of  the  as 
received  powder  ehowed  a 9*adual  weight  loea  of  -0.3J  Pro*  30“C  to 
S50-C  due  to  lose  of  adsorbed  water.  The  was  used  as  reoelred 


sietftod  [136].  was  also  used  In  some  axparlisenes.  The  precipitated 
powder  vaa  calcined  at  350°C  for  houra.  The  nunber  average 
dlaoeter,  as  deteroinad  by  scanning  electron  alcroacopy,^  was  0.4  yn 
and  speoific  surface  area  was  6.4  n^/g. 


dried  in  vacuum  for  24  hours  at  50®C  and  110*C,  respectively,  to 
reoove  adsorbed  water  before  use.  Ceramlc/polysier  nlwturee  were 
Initially  jrepared  as  auapenslons,  using  chloroform  as  the  solvent  f< 
PHMA.  (In  seise  studies,  acetone  was  used  as  the  solvent  as 
speciried,)  The  ausfenalons,  oonsistlng  of  9 voU  polymer,  30  vol* 
ceramic,  and  61  volj  solvent,  ware  oast  onto  Hylar-covered  glass 
plates  and  the  solvent  was  allowed  to  evaporate  at  room  temperature. 


It  samples  wi 


Itodel  JSM-35CF,  Japan  glectron  Optics  Co.,  Ltd.,  ToKyo,  Japan.  The 
number  average  diameter  value  was  provided  by  C.3.  Rhadllkar 
bepartment  of  Haterlala  Science  and  Engineering,  University  of 
Florida,  Gainesville,  PL, 


Zn  sone  experlunts,  leu  cencantrations  of  additives  uere  uaed  to 
oatal/ae  tna  polymer  de^adatlon  reactions.  These  additives  were 
gpoiro  Id  a Bortar  and  uere  carefully  ueigded  and  added  to  the  polymer 
solutions,  unere  aoetone  uas  used  as  the  solvent.  Ithe  soluhllUlee 


Hetho^ 

Tharmsi  analysis  ITGiyprAl.  The  sample  side  was  approximately 
90  mg  for  pure  polymer,  and  775  mg  and  tooo  mg  for  eeramlo/PHHA 
mixtures.  The  heating  rate  uas  5"Croln  and  the  gas  flov  rate  (air  or 
nitrogen)  uas  approximately  60  mL/oin. 

fourler  transform  infrared  (FTIR)  soectrosoopy.  The  sample 


experimental 

IS  used  as  diluent  in 
chromatograpny  (CC). 


r PTIR  analysis  wars  similar 
1 Chapter  IV,  except  that  dlaoxind 

I of  oolleotlng  the 


K operational  varUhlea  ai 


5.3,  reapectively. 


The  OC  was  also  equipped  with  a flame  Ionization  detector  (FIP) 
and  a peax  Integrator  In  order  to  datermine  volatile  eonoentratlons. 


CondlClOM  oe  CsUicting  PUMA 
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lQj«otlon  port  teapenatjro  (*C) 
Initial  oven  toiparature  (*0] 


Heating  rate  (‘C/BIn)  lO 
Pinal  oven  teoperature  (*C]  250 
Pinal  tine  (nln)  10 
PID  temperature  (vc)  250 


Resulta 


Pyrolvals  Behavior  gf  Raalne 

A variety  of  evidence  confinne  t) 
by  the  dapolyoeritation  oechanisD.  figure  5.6  ebowe  tne  TGA  reeulte 
for  pyroiyele  of  PI«A  CPMMA-ID)  in  air  and  nitrogen.  Under  botn 
atmspheree,  tne  polymer  can  ba  burned  out  conpletaly  at  relatively 


r pyrolyeia  of  PHM/ 

relatively  narroB  teeperature  rant 
polymer  that  degradea  by  a aingle 
depolyoeritation.  The  louer  curve 


depolymerlzation.  Sinilar  reaul 
pyrolyeia  aa  anoun  in  Plgure  S.( 
ehifted  to  nigner  teaperaturea  t 


'f  a plot  of  uelght  loaa  vs, 

he  polymer  uelght  loss  occurs  In 
(-260-38CfC)  as  expected  for  a 

< CDTA)  in  Figure  9.7  anoua  that  t 

* uere  obtained  for  nitrogen 
except  that  the  degradation  uae 
approxiiutely  90*c.  The  abaenoe  < 


the  endotneraic  peax  in  Figure  9.fi  was  ellalnated  by  adding  few 
percent  of  diamond  powder  ae  ahown  In  Flgire  5.9  to  stablllie  tna 

volatilization  of  tne  monomers.) 


Slmller  tnersal  enelyels  reeulte,  l.e.  elngle  stage  end 


(r,)  iH0I3/-\ 


— EXOTHERMIC  ENDOTHERMIC— 


(J!Ui/6iu>  3AliVAia30  Oi 


(u!Ul/6tu)  3AliVAta30  Oi 


(UIIL/Bui)  3AliVAia30 


scagss.  Taks  Flgu-e  S. 13(a)  as  an  enaaple,  tnraa  wall  ssrined  stages 
centered  at  175*C,  280®C  and  355*C  ocour  In  nitrogen  pyrolysis. 
Consistent  eltn  tna  observations  Oy  ether  researeners 

dlCferent  initiation  seenanlsma  due  Co  the  least  stable  nead-to-nead 
linkage  (-175*C),  unsaCurated  vinylldene  chain  ends  (-2M*C),  and  the 

air  pyrolyels  (Figure  5.13(A)),  Che  saeonO  and  tnird  peaks  observed  in 
nitrogen  pyrolysis  overlaps  and  the  First  peak  caused  by  the  head-to- 


head  linkage  conpletely  disappears.  This  la  again  consistent  with  the 
results  by  Kashiuagi  et  al.  C119],  uho  stated  that  ^s-phasa  oxygen 


plays  a dual  role  In  the  de^-adatlon  of  radically  polyBerlzed  PMHA  by 
suppresaing  its  degradation  caused  by  the  weak  linkage  at  lou 
tenpereturas  and  by  enhancing  its  de9*adation  at  high  tenperat ires . 
Conparleons  of  the  ueltfit  loss  curves  For  Chase  three  polysiera  are 
shown  in  Flgirea  5.lt(A)  and  (B)  For  air  and  nitrogen  pyrolysis, 
respestlvsly.  It  esn  be  seen  that  polynere  with  higher  oolecular 
wslghte  show  less  theroal  stability  than  the  lower  ones. 

Figure  5.15  shows  the  FTIH  spectra  For  the  polyoer  residue  at 
dlFFerent  tenperatires  during  pyrolysis  of  PlWi  (PWiA-iO)  in  air. 


1H0I3M 


TCMPEflATUBC  <‘C) 


(%)  1H90M 


TEMPEBiTUBE  (*0) 


5.13  DTC  and  DTA  rasulta  fop  PHMA-iil  In  {A)  air  and  (B) 
nltpocan. 


TEMPER/VTUBS 


Plgire  5.!>I  TOA  results  for  PHHA  rssins  alth  different  noleoulsr 

ueignt  In  (AJ  air  pyrolysis  and  <B)  nltroaen  pyrolysis. 


A Ust  of  the  FTIR  paak  aaalgruienta  for  the  Initial  polyaer  la  given 
In  Table  C137,136],  All  of  the  ataorption  peaks  detreaae  In 
Intenaltlea  aa  tne  taaperature  Inereaaaa.  Figure  5.16  ahowa  the  plota 
of  Che  relative  peak  Intenaltlea  aa  a function  of  teaparature  for  tne 
carbonyl  (C-0)  atratchlng  peak  at  -1730  cm'',  the  C-0  atratohlng  peak 


at  -1147  CB  I and  the  C-h  asyeBoetrlc  atretohlng  pt 
The  Oecreaae  In  all  peak  Intenaltlea,  aa  wall  aa  t) 
no  new  peaks  develop  during  pyrolysis,  la  conalatent  with  the 
depolyeiaruatlon  lechanlea.  Similar  FTIR  reaulta  were  also  obtained 
for  nitrogen  pyrolysis  as  shown  In  Figures  S.17  and  S.1g,  evcept  that 
degradation  was  shifted  to  higher  temperatures . 

The  application  of  Infrared  apeotroscopy  In  studying  the  therieal 
reaotions  of  PWA  had  Been  reported  by  other  researchers.  Wagatsuma 
and  Sugtaka  11393  studied  tne  degradation  of  polyvinyl  acetate  and 
Pb«A  films  on  silver  plata  by  an  Infrared  ealsslon  spectroscopy 
taohnlque,  Similar  study  was  carried  cut  by  Allara  and  Pryda  [140] 
using  external  reflection  Infrared  apeotrosoopy  lERS)  tachnioue. 
However,  due  to  the  llmltatlone  of  their  Inatruaents,  pyrolysis 
atmosphere  and  heating  aehedula  oould  not  be  properly  controlled. 

observed  wnen  different  substrate  materials  ware  used  such  as  Au,  Ag. 
Cu,  Al,  Hi,  etc.  Thus,  the  hot-stage  coupled  diffuea  reflectance 


Infrared  apeotroscopy  used  in  this  study  seems  to  be  the  most  feasible 
method  for  In-sltu  characterisation  of  high  temperature  deg-adatlon 
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v(C.O) 

SCCHg)  ovsrlapped  wltrt 


amr^pua 

v^g(C-C-Q)  coupled  with  vtC-0) 

cKeletal  eiretchlng  coupled  with  IflCernal  d(CK^) 


YCCH^}  coupled  uitd  aieelecel  stretcding 
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GC-FTIR  analy9l4  of  the  volatiles,  ngure  5.19  shows  tha  gas 
chromatograa  of  RHHA  volatiles  oolleoted  In  air.  The  oalor  coDponent 
(peak  »4)  had  a conoentrat Ion  of  96.5  wtj  and  waa  identified  as  nothyl 

substances  auoh  as  isetnanol  and  acetone  wt 

degradation  product  is  sethyl  ■ethacrylate  n 


s provided  b; 


Other  Binor  degradation 
f PHMA  volatiles 


0 identified  ai 


Thus,  all  of  the  results  oonflris  that  the  PF9U  resins  used  in 
this  study  decade  aloost  exclusively  Oy  depolyBerizatlon.  Pt9U 
resins  with  higher  solecular  weights  shewed  less  theraal  stability 
than  that  of  the  lower  ones  due  to  Initiation  at  the  weak  linkages. 
The  presence  of  oxygen  accelerates  the  depolyaerliatlon  reaotioni 
however,  no  direct  evidence  U.e.  fornation  of  peroxides  or 
hydroperoxides)  for  the  participation  of  oxygen  in  the  degradation 
process  was  observed.  (FTIB  spectra  and  struotia'al  formula  of 
degradation  products  are  shown  in  Appendix  C alphabetically.) 

Pyrolysis  Behavior  of  Ceraalc/PrteA  Mixtures 


f Ceramlc/PHHA  H 


lows  the  results  f> 


a pyrolysis  oi 
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Decoaposltlon 


Pyrolysis 


3 ethyl  acrylate 


3 Methyl  succinic  acid 

6 Dloethyl  aueolnic  acid 

7 Itaconic  acid,  dloethyl  aster 


Concentration 


Hsjor  decoaposition 


DeootBpssltlon  Products  Tron 
Nitrogen. 


Pyrolyele  of  PUMA 


Concentration 


3 Methyl  acrylate 

4 ethyl  acrylate 

5 Hetnyl  stethacrylate* 

6 Ethyl  fflethacrylate 

7 adipic  acid)  dlBsthyl  eater 


n«ur«  5.22 


polyaer  althout  tne  oeranlo  (Figure  5.15}  In  that  ene  «aj«r  atoorptlon 

with  Increaalng  te»Beratura.  Houever,  one  Inporlane  aiffarence  le 
that  a new  peak  at  -1575  cm  ’ Oevelopa  In  the  Al20^/PMU  Blxtwea  at 
taoperatLraa  >210^C  (Figure  5.23).  Thia  peak,  aaaignad  to  the 
earboxylate  Ion  Dtl-ltS).  Inaioataa  that  there  la  an  Interaction 


»t  tha  eurraoe  of  alumina  the  normal  cryatallographlc  rastrainta  So 
not  apply,  ans  theaa  altea  ean  generally  he  conelSereS  an  Oelng  Sue  to 
expoaad  aluEQlnua  Iona  held  In  a tetrahedral  oonflgiratlon  tgit  attached 
to  only  three  oxygen  atom. 


Thla  apeclea  le  exaotly  analo^oua  to  the  aluoinuB  halldea  (Lewis 


aolda)  and  would  be  expaoted 
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suon  ad  PHHA  [144],  to  give  durrace  oonplaxea.  In  this  i 
ion-Olpols  interaction  la  via  the  lone  pair  of  electrons 
with  the  oarbonyl  oxygen  to  form  cartoxylate  oonplexas  ai 

This  surface 
that  degradation  r 


0 longer  occurs  exoLuaively  1 

BBthyl  oethacrylata  ocnoisar  CceaK  #4),  several 
Including  a variety  of  acids,  were  detected  ant 
fflethacrylate  oor 
of  the  Cegradatlon  process 
However,  the  surface  reaction  delays  the  f; 

Ourncut.  This  la  illustrated  In  Figure  9,1 
of  the  TO*  benavlor  In  air  for  the  polyner 


pyrolysis  Pehavlcr  ao 
' the  depolyBsrlaatlcn 


■al  volatiles.  Meet 
depolyBsrltat  Ion. 
agea  of  pyrolysis, 

'h  shows  a coBparlson 
and  the  polyieer/ 

direstly  coopare  the  results  with 


final  stage  of  pyrolysis  was  delayed  Out  the  degradation  rate,  which 
Is  the  slope  of  TGA  curve,  also  decreased  for  the  ceraolc/polymer 
mixture,  Slnllar  hot-stage  FTIR  and  X-fTIR  results  were  obtained  in 
nitrogen  pyrolysis  as  shown  In  Figures  9.26-5,28  and  Table  9.9,  except 
that  the  degradation  temperatures  were  -50*C  higher  (Figure  5.29). 
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TaOle  5.7  Daeosposltlon  Produote  from  tna  Pyrolysis  of  A1,0,/PHHA 
Mlxtura  in  Air.  ^ ^ 

Concsntratlon 


3 Blfiyl  acrylate 
N Hathyl  DsthacrylateP 

5 Etliyl  netlisorylats 

6 2-Hydraxyottiyl  otatnecryUc  sold 

7 Itaconii!  sold,  dlnthyl  ester 

d Ptono/2,2-diBsthyl  succlnlo  aoia 
9 2.U-E>loietnyl  gluierlo  acid 

10  2-Etnyl,  ethyl  acetoaoetlc  acid 

11  H-Oio  cyoloheianeproplonlo  sold 

13  Heptfidecane 


Hajor  deconpositlon  product 


(%)  1H0I3M 
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Pyrolyslo 


Concentration 


I Hetnpl  acrylate 
I Etnyl  acrylate 
> Hethyl  netnacrylate* 

Ethyl  isethaorylate 

2- Watftyl  aoryuo  aolC 

' Itaconlo  aoldi  Oieethyl  eater 

3- Cartoxy  cyclobutaneaoetlo  ai 
Adiplo  acid,  diethyl  eater 


■ Major  decoapoaltlon  |i 


(%  > XHS0M 


TEMPERATURE  (°C) 
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side  groups  and  iljOj  surfaae  exerts  a ■Plooklog  effect"  [120]  on  tlie 
depolyserinstlon  procees,  90  tnaC  unzipping  either  cannot  pass  througn 
the  ccieplexee  cr  does  eo  cnuch  less  readily. 

One  of  Che  factors  which  affects  Che  extent  of  Che  surface 
reaoClon  between  PWA  and  AI2O2  la  the  de^ee  of  hydrczylatlon  of  Che 
ceraslc  eurfaoe.  Figures  5.30  and  5-3'  show  that  higher  Intensities 

calcined  AljO^  (1050’C,  2C  hours)  is  used.  FurChernore,  the  surface 
Interaction  is  observed  at  muoh  lower  teoperatires.  This  increased 
interaction  may  reflect  greater  access  of  the  exposed  positively 
charged  alualnui  ions  at  the  lattice  layer  edges  C1>>S-1II7]  to  Che  PHHA 
ester  groups  at  the  polyaer/oeranlo  Interface,  tt  Is  also  possible 
that  the  effect  arises  froa  an  increase  In  the  acld-bess  Interaotlon 
between  the  ceraaiio  and  polyoer.  (The  ester  group  in  the  PMKA  has  a 


ter  dehydroxyletlon  [3b]-) 
t supported  bj 


le  oalsined  S102/PWA 


Day  develop  a 

l.e,  SlOj.  The  hot-stage  PTIR  results  01 
nlxturo  In  sir  are  shown  In  Flgwee  5.32  and  5.33.  (Due  to  the 
difficulty  of  subtracting  out  the  strong  Sl-O-Si  absorption  peak 
between  HOO-950  on"',  only  the  C-H  and  C-0  atretohlng  peak 
Intensities  arc  shown  In  Figure  5.33.)  Surface  Interaction  between 
PHKA  and  glOg  was  not  observed  during  pyrolysis,  l.e.  the  carboxylste 
Icn  peak  did  not  develop  during  heat  treatoent.  The  speculated 
Increased  aold-base  Interaction  between  the  heat-treated  Al.O,  and 


adsorption  results  (using 


's’ca  iioo  i5oo  aSoo  iooo  i?oo  fdoo  sco 


Figurt  5.30 
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risiire  5.32 
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^AIiV^3a 


trletiloroatnylene  as  solvent)  [ItS],  uBleh  shoueO  a dooreaaea  Infrareil 
bound  fraatlcn.  froe  P - D.3I  to  P - 0.27,  after  reoovlng  6D1  of  a 
laonolayer  of  surface  hydroxyls  of  heat'treated  AloO?.  These  results 
susgest  that  an  loFortant  factor  In  deteroinins  the  extent  of  the 
ceraolc/folymer  Interaotlon  during  pyrolysis  le  the  character  of  the 
■ital-oxygen  tending  In  the  oerailo.  (Additional  adsorption  results 
are  shown  In  Appendix  D.)  The  surface  reaction  occirred  In  the 
natarlal  U.e.  Al20^>  in  which  the  aetal-oxygen  bonding  was  ipore  lonlo 
(leas  covalent).  Consistent  with  this  observation  were  pyrolysis 
experloents  with  alxtures  of  PHHA  and  dlenond  powder  (with  cooplete 
covalent  bonding)  which  showed  no  aurfaoo  Interaction.  In  contrast, 
experiments  with  highly  lonlo  materials,  such  as  alhsll  halides, 
showed  an  even  greater  degree  of  reaotlon  with  PMHA  than  In  the 


was  obtained  by  analyzing  the  volatile  decomposition  products  of  tna 
PWlA/KBr  mlxturee.  The  volatiles  were  oolleoted  by  heating  the 
pmA/K8r  mixtures  (oast  from  enloroform)  In  air  from  30'C  to  350«C  and 
held  at  350’C  for  I hour.  The  volatile  analyels  results  are  shown  In 
figure  5.30  and  Table  5.9.  A^ln,  metnyl  methacrylate  la  the  major 
Oee-aoatlon  produot.  However,  more  Important,  methyl  bromide  (Flgire 


preaenoe  of  methyl  tromlde  (CH^Br)  along 
carboxylate  Ions  Indicate  tne 


folldwlng  Important  reaction  mecnanlsm: 


Csnperaiures  dia-Ing  pyrolysis  of  PHMA/KBp  mixtures  In 
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I DecFoaposUion  Producta  fi 


le  Pyrolysis  of  PHMA/Kflr 


Isotnityl  acrylats 
Methyl  iiiethacrylat#» 

Itacohls  acid,  dlnthyl  ssts. 
2,^-DlDsthyl  glutamic  sold 

Adipic  soldi  dinathyl  aster 
2-Hydro»yethyl  aetacryllc  ao 
2i3‘Bpoxyiropyl  oetacryllc  a> 
Htnoys.p-dliiieenyl  auoolnlo  ai 
PropiGllc  acid,  ethyl  ester 


METHYL  BBOMIDE 
REFERENCE 


AilSNiiNI  »V3d  SAliVnSa 


156 


ijooo  iioo  ifioo  i5oo  iboo  iioo  T3co  ioo 


WAVENUMBERS 


Fljurt  rriB  speotr*  of  cne  polymer  residue  at  tne  Indloatea 


MgO  (at  600»C)  waa  uaed.  (Hotfevar,  no  alsoificant  annanooiDent  waa 

carbeiylato  Ion  fonatlon  iras  alao  rtportai  6y  PoaorelVo  [ISO],  »no 
Lnveatlgateo  the  thersial  Oagradatlon  Oenavlor  of  tlCanliiB  dioxide 
filled  PUMA.  He  reported  tnat  foraatlon  of  the  careoxylate  oooplax 
wae  due  to  ooordlnation  of  the  Highly  polarlsable  cartonyl  groups  oil 
the  traneltlon  metal  Iona.  (The  relatively  weak  Interaction  tetweeti 
PHMA  and  NaCl  la  preeuiDaDly  due  to  the  realdual  nolature  on  the  NaCl 

Purther  eianlnatlon  of  the  reaotlon  between  PHMA  eater  grcupa 


Syndlotactlc  pmka 


reape otlvely. 


la  pura  lactactlo  and  ayndiotacclc  PI 


looleciilar  welghta  of  tnaae  cwo  polyoars  differ  greatly.  As  3> 
Pigurea  5-^6  and  5-il9,  aucti  aCrcnger  carCoaylate  Lon  peak  and 
LnpoPtantly,  aignlflcant  deyelopiiiant  of  annydrida  atructixe  a; 
Indicated  by  the  appearance  of  1600  oa  \ 1755  am~^  and  1026  < 
bands  cere  oboerved  In  Isotaotlo  PHUflter  olrture  at  300»C,  : 


KBr  than  that  of  the  ayndlotactlc  one,  4 proposed  reaction  BeohanlsB 


% iHOOM 
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TG  DERIVATIVE 


(OJiV 


TG  DERIVATIVE 


(O.)iV 


ceuperatires  aurlng  pyrolysis  of  Isotaotlc  PHMJ/KBr 


t««Beraturea  during  pyrolysis  of  syndlotactlo  PmA/lCBr 


The  development  of  anhyOrlde 


PMMA/ZnSrj  Ti«ura»  ee  sheen  In  rigure  5. *13.  A detalleO  Investigation 
of  the  degradation  sechanisn  Oateean  PHHA  and  2nBrj  had  teen  reported 
In  a series  of  papers  by  HoHelU  and  ce-eorVers  [151'1531.  They 
Indicated  that  the  eoDplea  fcrinatlon  between  PHHA  (with  cartonyls  act 
as  ligands)  and  ZnBr2  facilitates  the  release  of  methyl  Oronide  as  the 
first  stage  of  treaicdoen,  with  the  foroaticn  of  zlno  eathacrylate  and 
anhydride  rings  in  the  polyieer  ehaint 


(5.3A) 


(5.35) 


k tha  unzipping  of  PWA  to 
produce  monoioer.  Dapolynierlzatlon  is  prevented  or  severely  inhibited 
depanaing  on  tha  amount  of  ZnBTj  present.  Complek  formation  leading 
to  the  development  of  anhydride  rings  was  also  documented  for  other 
transition  metal  halides,  such  as  tins  chloride  [ISA, 155]  and  oohalt 
Ironlde  [151]. 


2.  Effects  of  Prooeeslng  Variables 

The  affects  of  pyrolysis  atmoaphera  and  gas  flow 
else,  and  heating  rata  on  pyrolysis  behavior  of  AI2O3' 
were  Inveatl^ted  using  thermal  gravimecric  analysis. 


Figure  5.30  TGA  results  for  (A)  A1.0,/PHHA  mixtures  end  CB) 

Al^O./PVB  mixtures  In  air  and  nitrogen.  (Adaptad  froa 

ti56i.) 
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flflcoDFOditlOR  species  fron  tne  saopls  Interior)  thus,  the  degradation 
neehanlsi  is  less  oilQative  C1S6]. 


Pyrolysis  is  also  delayed 
Flgu-as  $. 52(A)  and  (B).  71iu 
In  reeiorlng  volatiles  froia  the 
ceonoiDer  buboies  (76*100*0  and 
transported  out  of  the  aanples  tivough  ouch  longer  diffusion 
Evidence  for  this  delayed  turnout  was  obtained  by  laeaaurlng  t 
resldial  carbon  concentrations  of  the  aanples  taken  out  Prom 


In  saiBples  with  larger  slss  as  sRown  In 
IS  again  attributed  to  the  dlffloulty 

other  volatile  speclea  need  to  be 


9*adlents  did  ex 
dcnoentrationa  fi 


le  crucibles.  Table  5.10  shows 
clat  for  aanples  with  larger  size.  (Carbon 

listed  In  Table  5.10.)  however,  tne  difference  between  varl 

did  not  change)  oonpared  to  that  of  AlpOs/PVB  nlxturea.  As  ahov 
Figure  5.53(A),  pyrolysis  of  PVB  In  air  Is  Inhibited  In  sanplea 
larger  size  due  to  the  lowar  oxygen  partial  pressire  within  the 
sanplea.  Thus,  not  only  does  the  weight  loss  kinetics  change,  I 


[156]. 

Increasing  the  heating  rate  affecta 
AtjOj/PWlA  nlxture  In  a sliDilar  manner  t 


Is  leaa  time  for  pyrolysis  to  occur  when 
[1573,  the  TGA  curves  were  Just  shifted 


Increasing  the  sample 
a given  temperature  and  there 
tha  heating  rate  Increases 
higher  temperatures  as 


TEWPEBaTURE  (%) 


Table  5.10  Carbon  Reetdue  Concentrations  of  AljOa/PMMA  Mlwurea  Fired 
Under  Indloaced  Condltione.  ^ 


AtoiDeptiere  Heating  rate 


concentration 


eao*C  aooo  mg  (Top)  136 
600*C  aooo  Dg  (BottoaJ  206 
lOOO-C  4000  mg  (Top)  132 
lOOO’C  4000  mg  (Sotton)  166 


Nitrogen 


TEMPERATUR€(<C] 


shown  in  rigure  5.5UCA).  Tho  hosting  rate  also  affects  the  local 
oxygen  partial  cressure  (l.e.  In  the  sanple  interior)  earing 
pyrolysis.  For  exaiple,  at  hl^er  heating  rates,  the  local  oxygen 
partial  pressars  tends  to  decrease  due  to  Che  large  a 
volatiles  generatec  during  a short  period  of  tlae.  Thus,  ai 
Figure  S.^IKB),  once  again,  the  change  In  local  partial  prei 
oxygen  changes  the  degradation  Decnanlaa  of  PVB  [156],  l.e. 
oxidative  oechanlsn  at  a Lew  heating  rate  to  a 
nechanlso  at  a higher  heating  rate. 


3.  Enhancing  CegraOatlon  of  PWMl  Resin 

In  ordsr  to  lower  the  pyrolysis  tsnparatures  and  reduce  the 
polymer  residua,  low  oohcentretlons  of  additives  were  used  to  catalyse 
the  dip-adatlon  reactions.  As  OssorlOed  earlier,  the  polymer/addltlve 
sampled  were  cast  as  fllos  from  acetone,  Flgwe  5,55  shows  the  weight 
loss  curvas  for  the  as'recelved  polymar  (baas)  and  polymer  films  cast 
from  acetone  (Pass)  and  chloroform  {adld).  Resulta  show  that  the 
weight  less  curve  of  the  [xilyser  film  cast  from  acstona  reaemblas  that 

chloroform  ahewa  much  hl^er  temperatures  are  needed  to  remove  the 
residual  solvent  Cue  to  stronger  acld-baae  Interaction  CHT],  Similar 
acid-base  interaction  was  also  observed  for  PVB  (aold)  cast  from 
aclutlon  In  HIBE-methanol  mixtures  as  shown  In  Figure  5.56  Cl5S], 

TSA  results  in  Figure  5.57  ehow  that  addition  of  0.3  wt> 
magnesium  perchlorate,  Mg(ClO^)  , or  ammonium  perchlorate. 


TStJPERATUHE  CC) 


(%)  IHSGM 


(%)  IHSBM 


(%>  1H0I3M 


ae  aucB  as  -65‘C.  DTO  and  DT»  rasalta  In  Pljures  5-58  and  5.59  also 
sdou  tM  dsgradatlon  reaocions  ara  far  nora  coapUaatad  than  that  of 
the  pure  polynsr  [Figure  5.81.  (The  initial  weight  Loss  between  140° 
and  220°C  was  possibly  due  to  the  evaporation  of  the  trapped  solvent, 
l.e.  acetone.)  Acetone  can  fora  lon-dipole  coaplexes  with  oetal  Iona 
via  the  lone  pair  of  electrons  associated  with  the  carbonyl  caygen 
C<59].  As  a conseouence,  excessively  higher  teaperatures  oay  be 
required  to  reaove  the  strongly  held  acetone  aoleoules.  giallar 

As  shown  In  Figure  5.43,  the  acetone  carbonyl  stretching  peak  at 
-1695  oa"'  still  showed  up  strongly  at  240*C,  Indicating  tl 
n complexes  with  the  transition  metal  Ion  Zn‘ 


(Although  ketone  would  be  expected  to  act  as  a stronger  ligand  than 
the  ester  0-oup  of  the  polymer,  the  replacement  of  ketone  by  ester  Is 
favored  during  film  formation  by  continuous  removal  of  acetone  from 
the  film  surface  by  evaporation.)  This  observed  enhancement  Is 
consistent  with  Tompa*a  kinetics  results  [30],  which  show  that  the 
activation  energy  required  fop  the  decomposition  of  Uiolte  Can 
aliphatic  polymethyl  methacrylate]  decreased  by  71t  (25.2  Kcal/ncl  vs. 
7.4  Kcal/mol,  in  K^)  with  2S  addition  cf  ammonlua  perchlorate.  In  the 

polymere  with  different  metal  perchlorate  additives.  He  claimed  that 

eubsUnce  Is  In  dsoreaalng  the  thermal  stability  of  vinyl  acetal 


TG  DERIVATIVE 


(0,)1V 


TG  OEHIVATIVE 


(0,)1V 


polyoers.  Houenr,  no  such  trons  uaa  pc-cpoaed  for  polymatnyl 
ffletnacrylato. 

final  Oesnadation  stagea  ware  delayad.  Thla  la  not  ajrprlalng  alnaa 
tna  hot'ataga  FTIR  raaulta  (Figure  5.60)  ahou  the  davalopoent  of 
carboxylata  Ion  aOaorptlon  peak  during  high  teoperature  pyrolyala, 
l.B.  Blmilar  to  the  raaulta  elth  AljCj/PHHA  Bliture.  Itiua,  although 
HgCClOii)^  aocelerataa  early  ataga  degradation,  the  daoonpoaltlon  la 


Caoioorova  et  al.  £160]  [■‘opoaed  that  the  carbonltatlon  la  due  to 
apllttlng  off  of  the  side  pnoupa  of  PWHA  catalysed  6y  MgfClOnlj.  They 
alao  found  that  the  oarbon  concentration  of  the  carbonized  aamplaa 


n Inoreaelng  perchlorate 


01 fferent 


pyrolyzeO  on  oetal  fllanenCa  Bade  of  platlnuia.  palladiua,  BolyMenuiD, 
Suiaarv  and  Conclualone 

A variety  of  teennlduea  were  uaad  to  Investigate  the  pyrolyala 
behavior  of  PMMA  and  oeraalc/PWlA  mlxtirea,  Znforiatlon  Obndernlng 
the  degradation  mcnanlame  was  obtained  by  analyzing  both  realduea  and 

dep'aded  by  the  depDlynerizatlon  Dachanlaffi.  PMHA  realns  with  higher 
fflolecular  weights  showed  leas  theroal  stability  than  the  lower  ones 


ceoperatureo  durlna  ttie  pyrolysla  of  PWU/SgCClOjJj 


t83 


"blookJjig  arfect"  on  tbe  depolyaerlucion  procaaa,  so  tb»  uizLpplng 
raaccton  was  retarded  and  nuah  higher  taaparacuraa  are  required  to 


achieve  conplete  bia'nout.  This  surface  reaction  waa 
with  calcined  Cdehydroaylatedl  Al^^^  Idue  to  greater  aoceaa 
positively  charged  alumlnua  lonaj  and  with  highly  Ionic  cars 
allall  halides).  Reaults  also  showed  chat  iaotaotlc  PWU  re 
atrongly  toward  potasslufli  Oroalde  than  that  of  syndlotactlo 


This  waa  shown  by  the  puch  stronger  developoent  or  oarboxylaCe  on 
and)  oore  laporcanciy,  the  devalopoent  of  anhydride  ecruoture  at 
higher  tenperaturea  In  the  laolactlc  P)M/KBr  nlxtures.  No  reaoCion 


was  observed  when  the  ceranlc  had  a pore  oovalant  character  (i.e. 
SIO^,  dlapond). 

The  effects  of  trooeeeing  variables  on  the  pyrolysis  Uhavlor 
Al203^PMKA  piatLrea  were  also  investigated.  Pyrolysis  was  delayed 
larger  sasple  size,  higher  heating  race,  and  nonozldlzing 
aCpospheres.  However,  unlike  PV8,  the  degradation  oechanles  is  not 
affeoted  by  these  variables. 


AdAiclona  of  low  ooocencracion  of  perchlorates,  l,a.  Hg{C10||)2 
and  HH],C10|,,  significantly  enhanced  the  early  stage  dep'adatlon  of 
PHMA  hy  as  nuch  as  -65‘C.  However,  the  final  degradation  stages  ware 
delayed  due  to  Inoreased  cartonlzatlon , 


C1U?TER  VI 

PYROLISIS  BEHAVIOR  OF  POLKMETHACRJLIC  ACID)  BINDERS 


Dieroal  DsBradatlon  or  polylsetnaorrllc  acid),  PHAA,  uaa  rirac 
etudlea  by  a-ant  and  Opaaale  Cl63]  In  i960.  Sxaolnatlon  of  the 
Infrared  apactra  of  the  [clyiier  realdue  aftar  heating  at  POO'C 


indicated  that  the  major  reaction  la  the  fornatlon  of  anhydrldea  of 
the  glutarlc  (intraoDlaouiar ) type  doe  to  aUnlnatlon  of  water  between 
neighboring  carboxyl  9-cupa,  A aiiUar  raaotion  waa  cbaerved  In 
poiyCaoryllc  acid),  PAA.  HcOaugh  and  Kottle  CI6V]  rebcrted  the 
formation  of  both  glutarlc  and  leobutyrio  Unteroolecular)  anhydride 


Formation  of  cyclic  anhydride  atructure  in  PHAA,  ae  anown  In 
ecuatlcn  16.1),  waa  obaerved  later  on  by  a number  of  reaearchara 


Their  reeulta  are  In  oloae  agreement  with  thoae  of  Craaale.  flgu'e 
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After  heating,  the  hroatf  acid  hydroxyl  abeorptlcn  band  in  Che  region 
3600-2500  oa  and  the  strong  acid  C-0  abeorption  band  at  1700  ca’’ 
are  replaced  by  inCenae  C-O-C  abeorption  at  1022  ca~^  and  splitting 
the  carbonyl  peahs  at  1795  oa"'  and  1750  cm"'.  These  changes  are 
characteristic  of  anhydride  strdctire.  Closer  observation  of  the 
nature  cf  the  carbonyl  spliUlng  [35,36,191]  aakes  it  poaalole  to 
deduce  that  the  water  has  been  elininatad  intrsooleoularly  to  fora 

Matsusakl  et  al.  [166]  Investigated  the  effect  of  tactlcity  on 
Che  rate  cf  water  elialnatlon.  Exaainatlcn  of  the  infrared  spectra 


iactaccic  and  syndlotactid  2HAA  hi 


syndiotaotic  sample. 


indicate  that 


figure  6.2  Haignt  Isea  ourves  of  (A)  ataeeis  ana  (B>  leotactlo  PMAA 
betueen  IBO'C  and  510*C.  (Aoapted  froa  [165]-) 
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than  for  tha  ataotlo  polysar.  Hovovar,  Che  activation  anarglea  are 
alBoet  laentlcal  CU2t1  Kcal/eole)>  They  ooncludee  that  it  la  crobable 
Chet  the  enhanced  raaotlvlty  of  the  IsotacClo  fclyoer  la  Che  reauit  of 
a higher  frequency  factor  In  the  rate  conatanC  of  the  reaction.  The 
arrangeieent  of  neighboring  reacting  groupa  ia  more  favoraoie  to  the 
fcriaacian  or  a cyoUo  InteroeClate  in  Che  oaee  of  Che  iaoucclc 


Hacauaakl  et  al,  aieo  reported  that  eater  uas  the  only  voUtila 
product  produced  in  bhia  teaperature  range.  Ho  carbon  dioxide  or 
oonOBor  eaa  decacted.  Iheee  reaulta  agree  eicn  thooa  of  O-aeale  [163] 
but  not  uith  thoae  of  Elaenoerg  at  al.  [ITT]  who  detected  oonomer 
during  the  degradation  of  PNAA. 

axparintencal  technlquea.  Janleeon  and  NcNeill  [1T1]  reported  that 
extenaive  voiatlliaation  of  eater  waa  obaerved  In  the  thersai 


volatllitatlcn  analyala  in  the  range  of  200v-30dvd. 

Pyfe  and  HcKlnnon  [176]  uaed  high-raaolution  eolid-etj 
apectroeoopy  to  analyae  the  etructiral  changea  occurring  ii 
temperature  degradation  of  PMAA.  In  the! 
oroae-pclarixation  CCP)  and  "magic  angle"  apinnlng  (KA5)  with  hi^* 
power  proton  decoupling  waa  ueed  to  give 


heat'Created  PNAA  aanplee.  Aa  shown  in  the  figure,  the  resonance  at 
broader  after  heating  at  250"C  for  1 n (Figure  6.3(C)),  The  new 


PPM  PROM  TMS  PPM  FROM  TMS 


Figure  6.3  *^CCP/HAS  mu  epeetrs  of  various  polylnathaoryUo  add) 
aanplea.  (A)  Ondegraded  PHAA  aaopla;  CO  PHAA  Heated  at 

1 n.  CB),  CD),  CP),  (H),  and  Cd)  ara  the  corraaponding 
apaotra  detained  with  the  nonprotonated  carbon  aelectlon 
experloent.  CAdapted  from  [176].) 


cartonyl 

anhydrides.  Hll9  oyollzatlon  also 

2 n (Figure  6.3E  and  6.3F]  results 
teak  due  to  the  acid  functionality 
acid  groups  existing.  Fyfe  and  Hoi 
a stable  polyiaer  appears  to  have  fc 
teoperatures  up  to  30O*C  results  Lr 
spectruai.  At  a hlf^er  tenperatis*e 
exteoslve  degradation.  After  30  ai 
spectra  show  peaks 


res  rise  to  a shift  In  the  aethyl 
Keating  the  saople  at  230*C  for 
the  cssplete  loss  of  the  methyl 
1 there  are  no  Isolated  unreacted 

) further  change  In  the  HUB 
toovc,  the  sample  undergoes 
After  30  min  (Flgis'e  6.3G  and  6.3F).  the 

itlc  etruotures  {d130}.  There  Is  alec  a peak  at 
presence  of  ketone  functionalities.  They 
could  be  formed  by  the  deoartoxylatloo  of  the 


After  1 hour  (Figure  6.31  and  6.3J},  the  sample  Is  mainly  aromatlo  in 
nature.  There  is  a shoulder  at  S 151,  which  possibly  Indicating  the 
formation  of  acoe  phenol  rings.  The  work  of  Fyfe  and  HcKlnnon 

structures  of  the  solid  degradation  produots  that  IR  spectroocopy 
cannot  fulfill  due  tc  peak  overlapping. 


tfiirdufl  and  Beldle  atudlad  the  Influence  of  oDlacular  walsAt 

on  iBe  tnernal  deoonposltlon  of  P(UA  as  a funotlen  of  teipwatura, 

Ivo  polynsn  samplas  (iw  - 150,000  and  500. OM)  prapared  by  a solution 
polyoenlzatlon  roaotlon  wane  tasbsd  by  thorDOgravlostrlo  analysis  at 
li'C/iln  In  air.  Rssults  shou  tnat  botn  polyasrs  navs  the  aaise 
activation  anargy  of  52  Kcal/acla  in  tbs  range  of  315®-«65*C  (67, 7J 
uelght  loss].  Only  a alight  variation  of  the  psreentago  weight  losses 
was  observed  in  the  dehyoroxylation  step.  No  sajor  difference  was 

In  1976,  MoHeill  and  Zulfiqar  [179]  studied  the  degradation 
behavior  of  polymers  of  lithluo,  sodluai,  potassium,  and  oeslum  salts 
of  Dethaorylie  acid.  Their  results  show  that  these  polyoers  degrade 
in  a totally  different  manner  from  PruA.  They  reported  tnat  these 
alkali  natal  salt  polymers  are  atable  to  about  550*0  in  vacuum.  At 
higher  temperatures,  scissions  in  the  main  chain  and  side  groups  take 
place  yielding  monomer,  carbonates,  oxides,  carbon  dloxida,  and  a 
variety  of  ketones  and  aldehydes  as  the  principal  degradation 
products.  The  main  degradation  routes  oan  be  sumnarlaed  in  Che 
following  scheme: 


I 


aoyclic 


e partly  aagraaaO  pi 


'bonate  inroLvlrg  adjacent  oarboxylata  groups  does  r 
ic  observed  a gradual  enhanceoent  of  carbon  dioxide 


Zuiricar  C<dO]  reported  a study  « 
clsslon  and  depolyiaerlzatlon,  wbli 


In  1979.  HoNelll  ai 
of  polynera  of  alkaline  earti 

Co  be  an  Important  prooesa  ii 


nonvolatile  ai 


1 neCal  polymathaorylate 

dour  Co  the  same  extent  in  the  alkalloe  earth  metal 

annot  distill  out  of  the  reaction  zone.  Thus,  the 
as.  involving  formation  of  ketones  and  metal 
css,  predominates. 

In  this  study,  pyrolyale  tatiavior  of  PMA*  realn  uere  Investlgsced 
using  a variety  of  techniques,  including  TOg,  OTg.  FTIR  Chot-stage 
diffuse  refleotanoe),  and  OC.  »re  importantly,  degradation  behavior 
of  PMAA  in  the  presence  of  ceranio  powders  were  also  Investigated. 
Finally,  strategies  for  enhancing  PMAA  pyrolysis  were  discussed. 


polylmethacrylic 


Scientific  Polymer  Products,  li 


Ontario, 


paijnerlzatlan  pi-eaess,  The  mlecular  uelgnt  obuinei]  rreit  cne 
intrlnelo  vloooeiiy  oeasureiMnt  uas  -98.500  g/nol.  The  Intrlnelo 
viscosity  Dsssiireaent  was  Bads  using  a capillary  viscoiseter.  )4rk- 
Houwlnk-SaKurada  SQuation  [ISIJ  was  uaed  for  the  vlscoslty-averass 
laoleculer  weight,  H,  calculation) 
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Collecting 


Volecllee. 


Schedule 


Step  3 


Tabla  6.2  GC  Operationfil  Variables  for  PKAA  and 

AljO^/PMMA  Volatile  Degradation  ProducCa. 


Plow  rate  (coTBln] 

Inleotlon  port  teaperature  C*C3 
Initial  oven  teaperature  (*C} 
Initial  tlaie  (iln) 


30 


Heating 


I9S 


the  pyrolysis  behavior  Is  draoatlcally  olfferehC  for  these  tut 
polymers.  Instead  of  the  single-stage  prooess  observeO  In  Pn 
fFlgure  5-6),  the  TOA  ourves  for  pyrolysis  of  PMAA  {figure  6.' 

Consistent  with  the  results  of  Grant  et  al.  [163,  165]  tt 
weight  loss  stage  results  in  approximately  165  weight  lose  In 


range  of  -130"-2aorc  and  Is  dominated  by  the  condensation  reaotion 
between  the  neighboring  carboxyl  groups  as  sitown  in  equation  6.1. 
Evidence  for  this  reaotion  la  provided  by  the  results  obtained  by 
PTIR.  A list  Of  rriR  peak  assignments  for  PMAA  resin  Is  shown  In 
Table  6-3.  As  shown  In  Figure  6.5,  the  strong  sold  carbonyl  peak  at 
1705  cn'^  and  the  broad  hydroxyl  paak  In  the  range  3550-25D0  on”'  that 
originally  exist  at  60‘C  ars  eliminated  after  heating  bo  approximately 


speotra  in  Figure  6.5  also  show  the  developoent  of  several  strong 
peaks  which  are  consistent  with  the  polymer  structure  on  the  right- 
hand  slda  of  equation  6.1.  For  example.  Figure  6.6  shows  plots  of  the 
relative  peak  Intsnaltles  as  a function  of  temperature  for  tha  C-Q-C 
stratohlng  peak  at  -1027  cm~’  and  two  peaks  assoclsted  with  the 
anhydride  oarbonyl  structure,  l.e.  the  asymmetric  C-0  stretching  peak 
at  -1801  dm"',  and  the  symmetric  C-0  stretching  peek  at  -1750  em"'. 

The  obaervatlon  that  the  1750  cm  ’ carbonyl  peak  is  strongsr  than  the 
1801  cm"'  oarbonyl  peak  Indicates  that  the  sli-membared  anhydride 
rlnga  were  formed  Intramoleoularly.  This  Is  consistent  with  the 
results  obtained  by  Crasaie  and  Scott 


C174].  Similar  reactions 
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Peak  Asalgnoanta 
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v^(CKj)  • 

v^(o-Ci(j)  ♦ -gjIa-CKj)  • Pj(CKj) 

svertone  and  oaiblnation  of  u(C-O)  and  d(0-H] 


I)  coupled  wltn  u(c-c-oj 


akelotal  scratching 
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n nitrogen  pyrolysis  aj 


ovloenco  ft 

CC-FTIR  results.  Pigura  6.9  allows  the  GC  chroaatogrsa  of  volatiles 
colleoteO  fron  30*  to  250*C  in  air.  The  major  volatile  proouot  Ipesk 
was  identiriad  as  water  by  comparing  the  unknown  spectra  with  the 
reference  spectra  shown  In  Figure  6. TO,  This  la  again  o« 
the  dehydrokylatlon  reaction.  It  should  be  noted  that 


results  show  approximately  161  weight  loss  at  the  end  of  the  first  etas 
(Figure  6.U1  suggesting  that  the  extra  weight  lose  might  be  the  result 
a lloltad  depolytseriaatlon  reaction  since  Bethscryllo  sold  (nu)  oonojae 


Other  minor  degradation  compounds  are  listed  In  Table  b.k.  (The  FID 
detector  does  not  respond  to  HpO,  thus,  volatile  ooncentratlons  are  nc 
reported , ) Similar  results  were  also  observed  In  nitrogen  pyrolysis 

This  dehydrcxylatlon  reaotlcn  was  observed  to  be  endotnermlc  as 
shown  by  the  OTA  curves  In  Figures  6.13  snd  6.til  for  air  and  nitrogen 
pyrolysis,  respectively. 

In  both  Blr  and  nitrogen  pyrolysis  of  PMAA,  moat  of  the  weight 
loss  (-70*)  ooours  during  the  second  weight  lose  stage  (Figure  6.1l). 
Thte  Btage  la  dominated  by  the  breakdown  of  the  poly(anhydrlde) 
structure  formed  In  the  first  stage.  The  hot-stage  FTIR  resulte  as 
seen  In  Figures  6.5  end  6.6  show  that  the  peak  Intenelties  dfbrease 
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Deaonpoaiclon  Products 
froB  tne  Pyrolysis  of 


6 S-Hethyl  acrylic  acid 


* Major  dscooposltlcn  product 


DeccoposHlon  Producta 
from  thfl  Pyrolyala  of 
PHAA  In  Hltro^rii 


Ethyl  aloohol 


3 Water* 


6 2-Methyl  acrylic  acic 


EXO  ENDO 


(u!tu,Sui)  sAiiVAitiaa  01 


(U!iu,6ui)  3AliVAIH3a 


sharply  Ostaaen  2U0"  and  390"C  for  the  anhydride  C-O-C  atretehing 
paak,  the  synanetrlc  and  asyaanetrlc  d-O  stretching  peaks,  and  C-H 
stretching  and  Pending  peaks.  Sinllar  behavior  uas  obsarvad  in 
nitrogen  pyrolyels  (Figure  6.8).  However,  the  polyianhydrlde) 
struoture  seesa  more  tharoally  stable  in  nitrogen  since  the 
corresponding  peaks  extend  to  ouoh  higher  teaperatures. 


rornation  of  croasllnked  and  cyclic 
crossllnking  occurs  at  this  stage  w 
in  solubility  of  the  polyser  resldu 
after  heat  treatment.  Initially,  t 


soluble  In  pr 
percentage  ol 


As  crossllnking  oi 


! second  stage  is  the 
Evidancs  that 
. obtained  by  monitoring  ohangea 
In  N,H-dimetnyl  formaiide  (DHF) 
' poly(anhyaride)  Is  completely 

a Insoluble  In  DHF  Increases. 


after  5 hours  at  350“C  In  air  and  Aoa*C  in  nitrogen  is  Insoluble, 
while  less  than  3d  of  the  residue  Is  Insoluble  after  T6  hours  at  ZZO^C 
In  both  air  and  nitrogen.  Further  examination  of  the  Inaolubility 
curves  at  350*C  for  both  air  and  nitrogen  pyrolyels  as  shown  In  Figure 
6.18  indicates  that,  oohtrary  to  the  case  of  PVB  [Figure  4.7),  oxygec 
does  not  heve  slgnifloant  effeota  on  ths  erosallnklng  reaction  of  tha 
polyfanhydrlde). 

The  development  of  oyolic  struotures  is  indicated  by  GC-FTIR 
reeulta.  The  gaa  chroBBtograma  of  PHAA  volatiles  in  air  and  nitrogen 
are  sMwn  in  Figuree  6.19  and  6.20.  Tablee  6.6  and  6.7  show  that 
volatile  products  collected  at  high  temperaturea  0260*0)  contain 
cyclic  compounds.  The  development  of  osgradaticn'-reslatant  polyanio 
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Methanol 


2-Hathyl  acrylic  acid 


1- Hethyl-2-pyrroUOlfionB 

2- mtnyl  glutarlc  acid 
5-Hydroxy-3"Oetrtyl  valeric  acid 
Gyclopentede-3-one 
ladbdtyrlc  acid 

1 ,2-Cyclopropanedlaarboayllc  acid 


AUSN31NI 


*1  Propanoto  eold 

5 P'Hethyl  acrylic  aclC 

6 l,3,S-Trlaccnyl  benzene 


9  l,Z,3.5-TetraiistByl  benzene 

10  Meelbbl 

11  1-Octenyl  euocinio  annyarice 

12  2,3,-Dinydrcpnenalene-l-one 


b-netnyl  cyclonezanone 
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structures  Is  also  Indicated  by  the  higher  temperatures  required  to 
degrade  the  last  10-13  wt.S  of  the  polymer,  l.e,  a third  stage  Is 
observed  in  the  TGA  curves  tFlgwe  b.b).  In  nitrogen  pyrolysis,  there 
is  still  a large  aoount  of  residue  at  very  high  temperatures 
(approximately  2.3  ut.i  at  1000‘C),  indloatlng  that  a oharbon  shar 

oompletely  Oy  an  oxidative  mechanism.  It  la  noted,  however,  that  the 
final  degradation  temperature  is  still  considerably  higher  for  PHAA 
than  in  PWA  pyrolysis.  The  oxidative  mechaniem  in  air  pyrolysis  is 

this  exotherm  is  much  larger  than  the  second-stage  exotherm,  despite 
the  much  smaller  weight  loss.  This  is  consistent  with  the  development 
of  the  cydlLo  and  crosslinked  structures  during  the  earlier  stages  in 
air  pyrolysis,  since  a large  amount  of  neat  energy  will  be  released 
when  these  structuree  are  broken  down  oxidatively. 


Pyrolysis  Behavior  of  Ceramlc/PHAA  Hlxtures 


I . Dasradatlon  mechanise  of  Ceramlo/PHAA  Mixtures 

Pyrolysis  studies  were  also  oarried  out  with  Al-O^/PKAA 


reaotion  between  the  neighboring  oarboxyl  groups,  elnce  water  is  Che 


(%)  iHDISM 


AiJSNaiMI 


3 2-Methyi  acrylic  acid 
a Hcns/y,2-Dliaetnyl  succinic  acid 

6 T-Cyclopentcn-3-onB 


dcconposltlcn  produce 


oclleoced 


t.  Slnllar 


also  dbcalned  for  nltrogon  pyrolyala 
6.9.  Volatile  produota  collected  at 


respectively,  as  eboun  In  Tables  6.1 
cf  cyclic  oonpcunds,  l.e.  Dealtcl  and 


as  ahoen  In  Figure  6.23  and  Table 
nigh  Cefiperaturea  (>260^C)  are 
r and  nitrogen  pyrolyals, 

0 and  6.n,  very  high  percentages 


both  atmosWeres.  Koeever,  according  to 
FID  Integrator,  auch  hi^er  percentagea  o 

pyrolysis  than  air  pyrolysis.  Thl 
"pure"  polyoer  In  that  aethaorylate  anhydride  ei 


e acre  effectively 


o saallsr  aoleculea  In  air  bet  not  in  nitrogen. 

PMHA  and  PMAA  have  very  different  degradation 

e hot-stage  FTIg  spectra  of  AljOj/PHAA  mixtures  In 
and  6.27  shoe  the  Oevelopeent  of  tna  oarboxylate  Ion  peak 
In  air  and  nitrogen.  As  observed  ulth  FWA.  the 


reaction  was  more  extensive  with  the  calcined  {dahydroxylated)  AlpO^ 
fflgursa  6.28  and  29]  and  with  more  lonlo  compounds  Cpotaaslum 
bromide)  (Flgurea  6.30  and  6. 3D.  No  reaction  was  observed  with  more 
covalent  materials,  l.e.  SlOj  (Figures  6.32  and  6.33)  and  diamond 


. who  studied  the 


reported 


Rocnester  C182]. 


adsorption  of  carboxylic 
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Table  6.9  Decompoeltlon  Proflucts  fron 
the  Pyrolysis  of  Al^D^/PHAA 
Hirturas  In  Ng,  30-20o*C, 


a 2-Methyl  aoryllo  aclO 

6 n>sQ/2, 2-Dimethyl  eocclnii 

7 Methyl-, Oletnyl  oalonic  a< 
S l-Cyclopenten-3-Ohe 


Major  Oeaompoeitlon  product 


Table  6.10  Deaoapoaltlon  Proaucta  rnoni  the 

Pyrolyals  of  AI^O^/PHAA  Mljrturea  in 


Peak  * 1 carbon  dioxide 


3 PropanoL 


AeroieiD  (aorylaldehyde) 

P'Butanone 

Methyl  Tsethacrylate 

2,6-diinetnyl  2,5-neptadien'ii>on' 

C-Capyone 


1 ,3t5-Trln»ethyl  benzene 

A-Hyaroxy-3-valerifl  aoid 
2/3K/-4,5-dinydPO-5,5  furancne 

1- Ootenyl  euoclnlc  anhydride* 
5-Hydroxy-3-iuetnyl-valario  acid 

2- Mathyl  acrylic  acid 

2,3-Dinethyi-i -butanol 
3 , 6-Dimetnyl-3-oelanoi 


1 ,2-Cyalobutanedicarbozylic  anhydride* 
4-Dodecanone 

2-Bthyl-ethyl  a> 


Major  decoapoaition  produota 
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Table  6."  baaooposltlon  Products  rroB  tne  Pyrolyala 


5 Methyl  propyl  ketone 

6 Propanoic  add 

8 Maaltol* 


0 3-Kethyl-cyolohexancne 
' 1-Ootenyl  succinic  anhydride* 
a a/3H/-'J,5-dlhydro-5.5  furanona 
3 ‘i-Hydroxy-3'valerio  acid 


I 3-1 


3-1 


i2.3<5-Tatraaethyl  benzene 
!,3-Cloethyl-' -hexene 
!-Hethyl- 1 -pent ena 
'-Hyaroxy-3-metnyl-valerlo  acid 
I-Hethyl  acrylic  acid 
•Methyl -a-cyclopenten-i -one 
I -Methyl- t-cctanol 

.a-CyclobutanedicarbcxyUo  anhydride* 
i-Ethyl  cyclohexanone 

: , 3-bIhydro-phenalen-' -one 
-Decanone 
;-Etnyl -ethyl  ai 
•Tetradecanone 
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Figura  6.32 
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altMujn  tn«  carboxylic  aclda  can  be  readily  aeaorbed  from  slUca 
[carboxylic  acid#  acacrbed  on  ellica  surface  via  bydrogen  bondlngJi 
cha  chealsorbed  carboxylacea  are  tenaciously  retained  on  the  surfaces 


Although  the  surface  interaction  between  Al^O^  and  hMAA  seess 
undesirable  from  the  binder  burnout  viewpoint,  l.e-  iiuon  hltfier 
tsoperatures  are  needed  to  acnleve  coEplate  burnout  as  anown  In  figure 
6, 3b,  this  surfaco  Interaction  can  be  utilised  to  Improve  the 
reinforcement  of  plaatios  and  elaatoaars.  For  example,  chrysotlle 
[asbestos]  crystallites  are  foriesd  with  the  octahedral  layer  as  the 

oarboiyllo  adds  to  form  cnealaorbed  oarboxylates.  Thus,  treatment  of 
cnrysotlle  dispersions  with  acrylic  acid  has  been  used  for  the 
preparation  of  reinforcing  fillers  1183]. 

The  reaction  of  polyeierlc  adds,  fop  example,  polyacryllo  add, 
with  basic  oxides  such  as  magnesia  or  sine  oxlds,  or  with  addlo 
mapieslum  or  alnc  orthoslllcates,  has  been  used  In  the  formulation  of 


cements  and  tilt  grouting  [ISb].  The  hardening  affect  occurs  by 
attaoK  of  tns  organic  add  on  the  mineral,  followed  by  diffusion  of 
tne  released  divalent  cations  Into  the  ado  phase.  This  results  In 


the  formation  of  a cured  coapoalte  containing  the  mineral  particles  ti 
an  lode  crose-llnkao  polymeric  matrix.  The  improved  tending  was  als( 
reported  for  Ba-  or  Pb-kaollnlte  treated  with  a soluble  acrylate  aalt 
of  the  eame  cation,  followed  by  drying  at  elevated  ti 
[185],  The  Improved  bonding  crises  from  the 
ligande  wltn  tne  exonangeable  datlonsi 


2.  &thaflolng  Degpadfltlon  cf  PmA  Realn 

Polywp  pypolyala  can  be  enhanced  By  using  relatively  lou 
concentrablons  of  additives  which  catalyze  the  degradation 
reactions.  Por  exanplei  Figure  6.35  shows  that  0.3  wtS  addition  of 


n periaanganats,  K 
slgnifioantly  decrease  th 
stage  of  PMAA  pyrolyals  I 


degradation  teDperatures  during  ti 
aip.  DTA  results  in  Figures  6.36 


le  pure  polymer.  Similar  effects  were  also  observed 
a,  N1{CH^COO)2i  ehown  in  Figure  6.30,  although  ti 


permanganate  and  sliver  aaetate.  Consistent  with  this  are  the  DTA 
results  in  Figures  6.39  and  6.U0,  which  ahow  lees  strong  and  sharp 


exotharms  as  in  Figures  6.36  and  6.37. 

These  candidate  additives  were  also  tested  for  their  catalytic 
effects  In  Al^Oj/PHAA  mixtures.  Table  6.12  shows  the  carbon  residue 


oonoentrations  o 


various  Al^O^/PH. 
0*C,  AljOj/PHAA  ■ 


potassium  permangnate  ehows  about  thi 
Al20^/PHAA  mixture  without  additive  i 
of  PMAA  pyrolysis  may  be  explained  b; 


le  strong  oxidising  nature  of 


permangnate. 


* 1H0I3M 


% iHDI3M 


TEMPERATURE  <°C) 
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TetDparature  Alioos;Aerfi 


Conoentrat Lon 


0.3  wc»  agCHjCOO 
0.1  »U  NHCHjCOOjg 
0.3  «»  NMCHjCOOJj 


UtBougn  tho  structure  or  PHAA  Clffera  from  PI«A  only  In  the 
repiseeisant  of  s metliyl  group  8y  e Hydrogen  atos  (e  carboxyllo  acid 
group  Instead  of  tha  ester  groups},  the  pyrolysis  behavior  is 
dramatloally  different  for  these  two  polyaers.  Instead  of  the  single' 
stage  prooess  observed  in  PUNA,  the  TCA  results  for  pyrolysis  of  PHAA 


InOloated  that  the 
dehydroxylation  re 

stage,  aooounting 


a was  dooinated  by  Intranoleoular 
Ban  the  neighboring  oarboxyl  groups  with 
polyanhydride  structures.  Tha  saoond 


breakdown  of  the  polyanhydrlde  structures  foroed  In  the  first  stage. 
Crossllnking  and  cyclizatlon  also  oocurrad  during  the  process.  These 
deff'adation-reslstant  cyclic  and  crosslinKed  structures  can  be  Eroken 
down  oxidatively  at  higher  teoperatures  in  air  pyrolysis.  In 
contrast,  there  is  a large  aiaount  of  rasidue  at  high  tenperatures  In 


nitrogen  pyrolysis. 

Despite  the  dlfferenosa  in  degradation  joechaniaita  for  PHAA  and 


wera  obeerved  In  caraaila/polyBer 
of  carboxylatsa  between  highly  polariaabla 
carbonyl}  and  Al20^  surface.  As  observad 
as  oore  eatenstva  with  the  calcined 


(dehydroaylated} 


ooapounda  (e.g.  potasslun 


2S6 


to-smI'Je).  Kd  re»otlon  o6ser*ea  with  Bora  eovalent  Baterlala,  l.e. 
SIO2  and  diainand, 

Pyrolyaia  of  PMAA  was  anhancad  by  ualng  relatively  low 
conoentratlona  of  additlvea.  Aeeulta  ebowed  tnat  0.3  wt{  addition  of 
KJInOy  or  AgCH^COO  significantly  deareaaaa  the  final  stage  degradation 
tenperatures  of  PHAA  by  as  nuoh  as  -90'C.  Resulta  further  shoved  that 
Dixturea  with  the  addition  of  KltiO^  showed  about  the  saoe 
carbon  reaidua  ooncentratlon  at  a AOO'C  lower  firing  teeperature  chan 
those  vicnout  the  addition  of  KHnO^. 


A variety  of  technlquee,  includlns  tiiermal  gravlaetrlo  analyaie 
(TGA).  Olffarentlal  tneraal  analysis  tDTA),  Fourier  transform  Infrared 
(FTin?  spectroscopy,  and  gas  cnromatography  (GC),  uere  used  to 
Investigate  the  pyrolysis  Selwvlor  of  polylvlnyl  buCyral),  PVBi 
polylietnyl  methacrylate).  PHHA:  polylmethacryllc  sold),  PHAA:  and 
polymer/caraDlc  mixtures.  Inforoation  on  the  degradation  at 
uaa  obtained  by  analysing  both  residues  and  volatiles. 


Pyrolysis  Behavior  o: 


d hydroxyl  aide  groups.  . 
sciesion.  crossllnxing,  i 


illable  evidence  Indicates  thai 
3 cycllzatlon  also  occur  durlni 


the  early  stages  of  pyrolysis.  Higher  temperatures  are  required  to 
Oreax  doen  tha  deff'adation~reslstant  cyclic  and  cnossllnXed 
struoturea. 

Degradation  behavior  of  PVB  Is  highly  dependent  on  the  pyrolysla 
atnnsphere.  Pyrolyals  is  Initially  accelerated  in  air  as  compared  to 
nitrogen  due  to  oxidative  mechanisms.  Oxidative  degradation  is 
Indicated  by  tne  extensive  development  of  carbonyl  groups  during  air 
pyrolysis.  At  Intermediate  temperatures,  a larger  weight  loss  was 
obaarvad  lb  nitrogen  as  compared  to  air.  This  apparently  reflecta  the 
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lI>inlCD^l  development  of  carbonyl  groups  and  the  leas  rapid  developisent 
of  crosaUnkad  structurefl  during  nitrogen  pyrolysla.  During  tne  late 
stages  or  pyrolysis,  degradation  In  tne  absence  of  oxygen  la  axtreaely 
difficult  due  to  oarbonlsatlon. 


hydroxyl  aide  groups  In  the  polymer  ar 
partiole  surfaces.  During  pyrolysis. 

oheolcal  reaction  took  place  between  } 
teoperaturee. 


via  nydrcgen  bonding  between 
nd  nydroxyl  groups  on  the 
the  PVB  degradation  nechanlsm 


Pyrolysis  Behavior  of  PUMA  and  Cerealo/PIOIA  Wlxiures 
As  expected,  TSA,  DTA,  FTIR,  and  DC  results  showed  Chat  PHMA 
degraded  by  the  depolymerlzatlon  mechanism.  PHMA  reslna  with  higher 
Doleoular  weights  showed  less  therioal  atabillty  than  the  lower  ones 
due  to  preaence  of  more  weak  linkages.  The  reaction  was  accelerated 


by  the  presence  of  oxygen . 

Degradation  of  PHKA  In  Al^O^lPHHA  mixtures  also 
primarily  by  depolymerltatlonl  However,  a surfaoe  rt 

an  PTIR  aCeorptlon  peak  for  the  carboxylace  Ion  and  additional 
volatile  cooponenta  In  the  DC  results.  This  Interaction  between  PMMA 
carbonyl  groupe  and  alumina  Iona  on  the  Al^O^  eurface  exerte  a 
"blocking  effect"  on  the  depolymerization  procaea,  ao  the  unzipping 

achieve  complete  burnout.  Thla  eurface  reaction  was  mora  extensive 
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wltn  calcined  (dertydrcuylated)  Al^O 
poaltlTely  charged  alunlniizi  Iona} 
alkali  halldea).  Resulta  alao  ahcui 
atrongly  to 


It  iBotactlc  PWA  reac 
lat  of  syndtotactlc  Pr 


peak,  and  more  Importantly,  the  de»alopaent  of  anhydride  atructure  at 
higher  teoperaturea  In  the  laotactlc  PHHA/XBr  mixtures.  Ho  raaotlon 

siOg,  diamond}. 

The  effects  of  prooeaslng  variables  U.e.  pyrolysis  atmosphare 

behavior  of  Al202^PWU  mlxturea  were  also  Inveatigated.  Pyrolyels  waa 
delayed  for  larger  sample  site,  higher  heating  rata,  and  honoxldlslng 
atmosphere,  however,  unlike  PVB,  the  degradation  oeohanlan  Is  not 
affected  by  these  variables.  It  was  also  showi  that  additions  of  low 
cohcantrstlon  of  perohlorates,  l.e.  Mg(Cl0i,)2  and  Ml, CIA, , 
early  stage  degradation  of  PHMA. 


significantly  enhanced  the  ear 
Pyrolysis  Behavior  oj 


Id  Ceramlo/PWAA  H 


Although 
replacement  of  a methy: 

dramatically  different 
stage  process  observed 


of  PHAA  differs  from  PHMA  only  In  the 
jp  by  a hydrogen  atom  U.e,  a carboxylic 
Iter  group),  the  pyrolyele  behavior  la 
,hese  two  polymers.  Instead  cf  the  alngle- 
1KA,  degradation  of  PMAA  ehoued  three 
results  indicated  that  the  first  stage  was 


aoralnattd  By  i OeByoroxylatlon  rMoUon  Becueaa  tha  nalghborlns 
carBoxyl  grouin  with  tha  foraatiori  at  » six-xanberaa  polyanhyorlda 


:a  prooesa . 


crosallnXlng  ana  cyallxatloo  apparently  occur  during  cl 
Theaa  degraaBtlon-realacant  oycllo  and  croaallnKed  ai 


nitrogen  pyrolyaia. 

and  Pma,  alillar  surface  reaetlona  were  obaeryed  In  ceraolc/polymer 


the  oaloined  Idehydroxylated)  AlgO^  and  with  loore  ionic  coDpounds 


Pyrolyaia  of  PHAA  was  enhanoed  By  using  snail  anounta  (-0.3  wet) 
of  KMnOj,  or  AgCH^COO.  Addition  of  KMnOa  was  shown  slgnlficancly  lower 
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Figure  A. 3 Llqu 
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APPENDIX  C 

PTIR  SPECTRA  AND  STRUCTURAL  FORHUU 
OF  THE  VOLATILE  PRODUCTS 
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AFPENDn  D 

ADSOfIPTIOII  aEKAVlOR  OP  PHKA  aeSlHS  ONTO 
AljO,  SUNPACE  raSOI/GH  VARIOUS  SOLVENTS 


le  adsorption  Uc 
loua  solvonts. 


Hatarlals 

Polynar;  PI«A-10  (as  desorlbad  In  Chap.  V.) 

Cara Bis;  ^^3^3  deaerlPed  In  cnap.  IV.) 


Banaena 

ChloroforB 


Proeeduraa 

Prapare  elBht  to  tan  polytnar  acLutlona  with  eoncantrationa  Cron  0 

APcar  the  polysar  dUaolvea  completely,  add  the  prawalshad  AI2O2 
powder  (300  volS)  into  the  polyaar  eolutlona  at  one  tine.  The 
total  volume  oP  the  suepenalon  la  *50  oL. 

Apply  ultrasonleatlon  (15  lolns)  to  break  down  powder  agglomarataa. 
Age  the  suepanelons  for  33  hours  at  room  temperature. 


centrifuge  tlie  auapenetone  at  il.SOO  rpa  for  20  nlna. 

Take  out  the  centrifuge  tubes,  and  carefully  pour  the  supernatants 

Carefully  ulthdraw  certain  amount  of  polymer  solutions  from  the 
bottles  to  the  preuelghea  aluminum  pans  and  dry  at  60°C  for  a9-5b 

Weigh  the  sample  pane  after  the  drying  procedure  la  complete. 
Calculate  the  uel^t  difference  before  and  after  adsorption 
eQulllbrlun  has  been  attained. 

Construct  the  adsorption  Isotherna.  fSee  Figure  D.I.? 
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